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Preface 



The biotechnology business in India with an increase from USD 500 million in 
1997 and reaching an estimated USD 1 billion next year - health related prod- 
ucts accounting for 60%, agro and veterinary products together 15%, and con- 
tract R&D, reagents, devices and supplies adding up to the remaining 25% of 
which the diagnostics share was about 10% of the total - surely presented an 
encouraging picture even five years ago. While volumes have increased, the pat- 
tern has not. According to a report, prepared by McKinsey & Co, India’s Phar- 
maceutical industry including domestic and export sales and contract services 
totals nearly USD 5 billion. Furthermore, the company optimistically projects 
the growth to a factor of five-fold only if both the industry and the government 
are able to put in place achievable solutions that must take care of the formida- 
ble obstacles preventing further growth. If this assessment is correct, then the 
established transformation made by IT growth should also provide the confi- 
dence required by the high expectations for biotechnology which have arisen in 
the country in recent years. Some contributors to this are overenthusiastic - 
these are bureaucrats, some retired scientists and of course the complacent 
politicians who have the least knowledge of what the new biotechnology is all 
about. However, there are clear indications of biotechnology growth demon- 
strated by a few but rapidly expanding biotech companies such as Biocon Ltd, 
Shantha Biotech (P) Ltd, Dr. Reddy’s Laboratory, Bharat Biotech Ltd, Ranbuxy 
Ltd, Lupin, Torrent, RPG Life Sciences, United Breweries, BCG Laboratory, 
Godrej Biotech, Zydus-Cadila, Bengal Immunity, BID Parry, Wockhardt and 
several other small but fast growing units. In addition, there are dozens of joint 
ventures among these companies and other biotechnological start-ups with 
each other or with multinational corporations having a presence in India to sell 
products produced abroad or those from joint R&D operations in India. 

Biotechnology entrepreneurship in India is severely handicapped by the lack 
of critical service sectors such as expression hosts, vectors, genome libraries, 
large scale sterile fluid transport systems, animal cell bioreactors and their com- 
ponents for clean and prolonged performance and an almost total absence of a 
biosystems - engineering database for downstream purification of drugs and 
therapeutic proteins. There are often complaints that government agencies are 
the only sources for funding research by academics with little or nothing com- 
ing from industry. While the statement is basically true, Indian industries, like 
others almost anywhere, have to have clear-cut goals and because they are not in 
a position to control the distribution of tax money nor are they charitable insti- 
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tutions, they can only invest funds in new ideas based on good scientific logic 
and those having a reasonable chance of success. 

Cutting edge research with high investment possibilities such as physiomics, 
metabolic engineering and pathway management, search for or synthesis of new 
genes for useful applications, in vitro synthesis of short chain peptides, cell-sur- 
face engineering , product design models, separation of large molecules like 
DNA, RNA, etc, to name a few have yet to become established in India. Difficul- 
ties of obtaining very large funding, absence of sophisticated analytical infra- 
structures and indeed top scholars continuing to look for better opportunities 
elsewhere continue to handicap project leaders and universities. Despite these 
difficulties, the fast growing biopharma industry is making gains in interna- 
tional business with comparatively priced life-saving drugs that are challenging 
products of multinational pharmaceutical companies operating outside India. 

Parliament has intensively debated the problems Indian biotechnology is 
faced with in order to be able to match its ability in IPR, TRIPS and GATT Agree- 
ments applicable to GM agro and transgenic animal and medical products, pro- 
tection of the nation’s eco balance and the unique biodiversity endowment. It 
defined its services and obligations to the people. However, except for the avail- 
ability of high quality human resources, few of the legislative steps taken so far 
can match with those existing in most parts of the developed globe. In the midst 
of innumerable problems faced by the largest section of the Indian population, 
the scientific contributions made to lift life sciences from their observed empir- 
ical domain to the level of exactness is very clearly visible in the quality of stu- 
dents graduating in these sciences with the support of biochemical engineering. 
It is certainly an excellent achievement. Notwithstanding, one source predicts 
the slow but steady progress with a lower number of highly trained people mov- 
ing to the USA and Europe and the rate of development in the rich nations slow- 
ing down, India’s growth rate will reach a high social peak in about twenty years 
when most certainly teaching will not be conducted in the classroom but in 
cyber space. Given India’s strong IT base, the information cross over appears to 
be the obvious choice. The Department of Biotechnology plans to award USD 
120 million for supercomputer networking a dozen centers to allow research 
with qualified access to the recently discovered genome sequences and its exten- 
sions into proteomics and physiomics data bases. The usual hype associated 
with anything new in biotechnology is also visible in genome science. Most of 
those involved have inadequate understanding of what products are needed and 
how must they be designed and where the huge amount of money has to come 
from to bring the drug to the market place following approval. 

These two volumes with fourteen chapters give accounts of several areas of 
active research pursuits and many project supports provided by the DBT. Two 
important sectors of significant importance namely, bioinformatics and politics 
of management and protection of GM products appearing for human consump- 
tion could not be reported. The science and engineering of bioinformatics cov- 
ering areas like genomics, proteomics and physiomics are new and expensive for 
biotechnology applications. However, after the supercomputer network con- 
necting a dozen centers in the country becomes fully functional, contributions 
in these areas at least in few places are expected to be seen. The other area some- 
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what nebulous in nature relates to the IPR in biotechnology and its legal juris- 
dictions exercising control over GM agro crops and transgenic animal and plant 
products for human consumption. Even amongst the active participants, there 
exist important gaps of knowledge and general understanding of this technolo- 
gy is poor causing the debates to generate more heat than light. A forum for pro- 
fessional interactions between legislators, lawyers, arbitrators, judges and social 
science activists is currently absent. Until this is in place, knowledge-based and 
useful contributions with balanced views will have to wait. 

The editors were pleased to see that biochemical engineering training and 
research pioneered and promoted at the IIT Delhi over the last 25 years with 
bioethanol as one of its substantive, graduate research programs must have 
helped formulate the recently declared national policy on the use of bioethanol 
as a transport fuel. This is a big step forward in support of India’s advances in 
biotechnology. The editors are grateful to all authors for submitting the 
reviewed and edited final manuscripts. The senior editor (TKG) would like to 
give special thanks to the Managing Editor, Prof. T. Scheper for prompt acknowl- 
edgement of the properly edited final manuscripts. 

Jaipur, May 2003 Tarun K. Ghose 

Purnendu Ghosh 
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Biotechnology is one of the most important scientific and technological revolutions of the last 
century and has greatly benefited various aspects of human life. The potentials are enormous 
and many breakthroughs have already been achieved in the area of healthcare, food, agricul- 
tural products and environmental production. The developments in this important area pro- 
vide immediate benefits to mankind and offer environmentally friendly technologies for sus- 
tainable development. The Department of Biotechnology, Government of India, set up in 1 986, 
has played an important catalytic role in promoting this revolutionary field. Research and de- 
velopment, technology validation and demonstration, technology transfer, human resource de- 
velopment, setting up of Centers of Excellence and promoting industry-academia interactions 
have been some of the major achievements during the last 1 5 years. A unique feature of this De- 
partment is the strong interaction with scientists and institutes across the country to promote 
biotechnology research and development efforts for commercialization and also to benefit the 
rural population for socio-economic development. A large number of research institutes/uni- 
versities and organizations across the country have been supported in the areas of agriculture, 
healthcare, environment and industry. In addition, basic research has also been an important 
thrust area. In order to ensure that the benefits of biotechnology reach the masses at large, a 
very stringent biosafety mechanism has been adopted. India is a country rich in biodiversity 
with two hot spots and has a strong base of expertise available in nearly all fields - thus biotech- 
nology could flourish leading to a Bioindustrial Revolution. We are today poised to be the lead- 
ers in this field in the 21st Century. 

Key words. Biotechnology, Biodiversity, Bioprospecting, Bioresources, Transgenics, Plant Tissue 
Culture, Healthcare, Environment, Human Genetics, Biosafety, Bioinformatics 
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Distributed Information Centers 


DMD 


Duchenne Muscular Dystrophy 


DNA 


Deoxyribonucleic acid 


DST 


Department of Science and Technology 


ELISA 


Enzyme-linked immunosorbent assay 


FAO 


Food and Agriculture Organization 
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Flourescence Activated Cell Sorter 


GDP 


Gross Domestic Product 


GEAC 


Genetic Engineering Approval Committee 


GMO 


Genetically Modified Organisms 


HAL 


Hindustan Antibiotics Limited 


HIV 


Human immuno-deficiency virus 


lADP 


Intensive Area Development Programme 


lARI 


Indian Agricultural Research Institute 


IBA 


Integrated Biotechnological Approach 


IBSC 


Institutional Biosafety Committee 


ICAR 


Indian Council of Agriculture Research 


IFPRI 


International Food Policy Research Institute 


IHBT 


Institute of Himalayan Bioresource Technology 


IICT 


Indian Institute of Chemical Technology 


IIHR 


Indian Institute of Horticulture Research 


IISc 


Indian Institute of Science 


IIT 


Indian Institute of Technology 


IMTECH 


Institute of Microbial Technology 


INM 


Integrated Nutrient Management 


IPM 


Integrated Pest Management 


IRGSP 


International Rice Genome Sequencing Programme 


JEV 


Japanese encephalitis virus 


MALDI-TOF 


Matrix-assisted laser desorption ionization-time of flight 


MGIMS 


Mahatma Gandhi Institute of Medical Sciences 


MKU 


Madurai Kamaraj University 


MTP 


Micropropagation Technology Park 


NAP 


National Agricultural Policy 


NBPGR 


National Bureau of Plant Genetic Resources 


NCL 


National Chemical Laboratory 


NFMC 


National Facility for Marine Cyanobacteria 


Nil 


National Institute of Immunology 


PCR 


Polymerase chain reaction 


R&D 


Research and Development 


RCGM 


Review Committee of Genetic Manipulation 


RDAC 


Recombinant DNA Advisory Committee 


RIS 


Research and Information Survey 


SAARC 


South Asian Association for Regional Cooperation 


SBCC 


State level Biotechnology Coordination Committee 


TBGRI 


Tropical Botanic Garden Research Institute 


TC 


Tissue culture 


TCPP 


Tissue culture pilot plant 
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UAS 

UDSC 

UNESCO 

VPN 

WSSV 

WTO 

WUE 



Tata Energy Research Institute 
University of Agricultural Sciences 
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United Nations Education, Science and Cultural Organization 

Virtual Private Network 

White spot shrimp virus 
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1 

Introduction 

“It is science alone that can solve the problem of hunger and poverty, of insani- 
tation and illiteracy, of superstition and deadening customs and traditions, of 
vast resources running to waste, of a rich country inhabited by starving people. . . 
Even more than the present, the future belongs to science and those who make 
friends with science”. ‘Jawaharlal Nehru’ 

Since India gained independence in 1947, science and technology have been an 
integral part of the national development. Science in India can be divided into 
phases - the first up to the 1960s, concentrated on infrastructure development. 
The second phase up to the mid 1980s concentrated on capacity development. 
Thereafter, there has been a strong emphasis on globalization which increases in- 
ternational competitiveness. Science and technology has moved in the direction 
which offers great strengths not only to the globalization and industrialization of 
the country but also for the societal up-liftment and socio-economic develop- 
ment. There has been concerted effort to develop a suitable linkage between long- 
term basic research and strategic science that offers immediate returns. In real- 
ity, modern science is still comparatively young, dating from the time of 
Copernicus at the beginning of the 16th century. The pace of technological ad- 
vances today is certainly not slacking. Basic sciences have a very major role to 
play. Some everyday artifacts depend on basic sciences. The revolutionary ad- 
vances witnessed during the last century world-wide have built up a very strong 
scientific temper and the scientific community is actively engaged in advanced 
thrust, directions and goals as we move in this new millennium. 

A better understanding of what is life and life processes has come from ad- 
vances in molecular biology starting with the major breakthrough discovery of 
the structure of DNA by Watson and Crick in 1953. The genetic material, i.e., the 
DNA, can be isolated, cut, cloned, sliced, transferred and expressed in different or- 
ganisms. With these techniques, the genes of interest from microbes, plants, an- 
imals and humans can be transferred and expressed in any other organism or cell 
lines derived from them. 

The potential of biotechnology is enormous, and has already offered new break- 
throughs in healthcare, food, agricultural products and environmental protection. 
The new biotechnologies responsible for a bioindustrial revolution are genetic en- 
gineering, cell fusion technology, bioprocess technologies and structure based mol- 
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ecular designs. The pharmaceutical sector has had maximum benefit but gradually, 
agriculture and the environment also have had profound impact, especially the ar- 
eas of bioprospecting and bioremediation are becoming a money spinner. 

The developments in biotechnology, particularly with the basic understanding 
of genetics, immunology, biochemistry, biochemical engineering and molecular bi- 
ology, have paved the way for major biotechnology products and processes and 
have provided tools to the manufacturing and service industry. The developments 
in the field of molecular biology, plant and animal cell culture, immimology and re- 
lated areas are now being correlated with the progress of industrial development 
in the world. The areas where there has been maximum impact are: pharmaceuti- 
cal industry, agriculture and related areas, environment and industrial development 
of different types of biologicals and recombinant products. Also the field has be- 
come extremely important because it provides solutions to the most burning prob- 
lems, faced in particular, by the developing countries. 

2 

Biotechnology in India 

In order to give a systematic impetus to the development of this very important 
field of science - biotechnology - during, 1981-1982 the then Scientific Advisory 
Committee to the Cabinet, had detailed deliberations with the scientific com- 
munity and a National Biotechnology Board (NBTB) was set up in 1982 to look 
into scientific programmes in the area of biotechnology, which required finan- 
cial support for strengthening the indigenous capabilities. 

Based on the progress in the areas of creating infrastructure, human resource 
development and specific research initiatives as well as the need for a major ef- 
fort in this field, the Government decided to set up a separate Department of 
Biotechnology, in February, 1986. The mandate of the Department is to support 
research and development, technology validation and demonstration, set up cen- 
ters of excellence, build a strong human resource and promote industry-acade- 
mia interaction and technology transfer. To fulfill the mandate a number of pro- 
grammes have been supported in different fields of agriculture, health, en- 
vironment and industry. During the last fifteen years, since the Department has 
come into being, a strong infrastructure for biotechnology research and services 
has been created in the national laboratories and academic institutions across the 
country. An integrated human resource development programme, support to 
basic and applied and product-oriented research, both from the view point of 
attaining excellence and for product and process development has resulted in 
very good research publications and 46 technologies have also been developed 
and transferred to the industry (Table 1). 

A unique feature of this Department has been the strong interaction with sci- 
entists and institutes across the country to promote biotechnology R & D efforts 
for commercialization and also to benefit the rural population for socio-eco- 
nomic development. Another important feature has been the interaction at the 
State Government level to promote biotechnology to meet the needs of the var- 
ious regions. The investment in the area of Bbiotechnology has increased from 
Rs. 750 million in 1992-1993 to Rs. 2250 million in 2002-2003. 
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Table 1. List of technologies transferred [1] 




S.No Technologies 


Developed by 


Transferred to 


1. 


Pregnancy slide test 


National Institute of 
Immunology, New Delhi 


Ranbaxy Laboratories, 
New Delhi 


2. 


Latex agglutination 


National Institute of 
Immunology, New Delhi 


Ranbaxy Laboratories, 
New Delhi 


3. 


Pregnancy DOT-ELISA 


National Institute of 
Immunology, New Delhi 


Ranbaxy Laboratories, 
New Delhi 


4. 


Typhoid fever detection kit 


National Institute of 
Immunology, New Delhi 


Lupin Laboratories, 
Bombay 


5. 


Typhoid fever detection kit 


All India Institute of 
Medical Sciences, 
New Delhi 


Ranbaxy Laboratories, 
Ahemdabad 


6. 


Amoebic liver abscess 


National Institute of 
Immunology, New Delhi 


Cadila Laboratories, 
Ahemdabad 


7. 


Polypeptide P from bitter 
gourd 


University of Rajasthan, 
Rajasthan 


Lupin Laboratories, Bombay 


8. 


Bamboo by tissue culture 


University of Delhi, Delhi 


Tata Energy Research 
Institute, New Delhi 


9. 


Animal birth control 
injection (TALSUR) 


National Institute of 
Immunology, New Delhi 


Karnatka Antibiotics and 
Pharmaceuticals Ltd., 
Bangalore 


10. 


Osmotolerant and high 
alcohol tolerant yeast strain 


Institute of Microbial 
Technology Chandigarh 
and Vittal Malaya Scienti- 
fic Research Foundation, 
Bangalore 


United Breweries, Bangalore 


11. 


Blood grouping mono- 
clonals 


National Institute of 
Immunology, New Delhi 


Cadila Laboratories, 
Ahemdabad 


12. 


Microbial convention 
on benzaldehyde into 
L-phenylacetylcarbinol 


Central Drug Research 
Institute, Lucknow 


Atlus Laboratories, Ambala 


13. 


F-MOC derivatives of 
12 amino acids 


Center for Biochemical 
Technology, New Delhi 


Atual Products, Bulsar 


14. 


Hepatitis B detection kit 


National Institute of 
Immunology, New Delhi 


M/s. Lupin Labs Ltd. Bhopal 


15. 


Leprosy immunomodulator 


National Institute of 
Immunology, New Delhi 


Cadila Laboratories, 
Ahmedabad 


16. 


Leishmaniasis detection kit 


Central Drug Research 
Institute, Lucknow 


Span Diagnostics Ltd. Surat 


17. 


Monoclonals to M 13 
phage proteins III and VIII 


University of Delhi, 
Sourth Campus 


Pharmacia Inc. USA 


18. 


Liposomal amphotericin-B 


Seth G.S. Medical College 
and Hospital, Bombay 


ACE Diagnostics, New Delhi 


19. 


Western blot test for 
HIV-I and II 


Cancer Research Institute, 
Bombay 


M/s. J. Mithra and Co., 
New Delhi 
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Table 1 (continued) 



S.No Technologies 



Developed by Transferred to 



20. Development of a drug 
formulation for prevention 
of septic shock in burn 
patients 

2 1 . Process know-how manual 
for infectious bovine rhino- 
tracheitis (IBR) vaccine as 
developed by BAIF Foun- 
dation, Pune 

22. Agglutination based detec- 
tion of HIV-I/II antibodies 
in human blood 

23. Plant-tissue culture 

24. Plant-tissue culture 

25. Mass production of 
mycorrhiza 

26. Lipase for food industry 

27. Mass production of 
rhizobial fertilizer 



28. Mass production of bio- 
pesticides - Trichoderma 



29. Mass production of bio- 
pesticides - Trichogramma, 
Heliothis NPV 

30. Mass production of bio- 
pesticides - Trichoderma 



3 1 . Mass production of 
biopesticides - Asper- 
gillus niger 

32. Amaranthus protein gene 
for nutritionally enriched 
animal feed 



National Institute of 
Immunology, New Delhi 

BAIF Foundation, Pune 

University of Delhi, 
South Campus 

TERI, New Delhi 

NCL, Pune 

TERI, New Delhi 

UDSC, New Delhi 
RRL, Jammu 

RRL, Jammu 

TNAU, Coimbatore 
TNAU, Coimbatore 

lARI, New Delhi 
NCPGR, New Delhi 



Gufic Health Care Ltd., 
Mumbai 



Hoechst Roussel Vet India 
Ltd. (HRV) 



Cadila Pharmaceuticals 
Limited, Ahmedabad 

Cadila Pharmaceuticals 
Limited, Ahmedabad 

Cadila Pharmaceuticals 
Limited, Ahmedabad 
Cadila Pharmaceuticals 
Limited, Ahmedabad 
Techno Emo, New Delhi 
M/S Prathistha Industries 
Ltd., Secunderabad 
M/S Javeri Agro industries 
and Investment Co. Ltd., 
Amravati 

M/S Prathistha Industries 
Ltd., Secunderabad 
M/S Javeri Agro industries 
and Investment Co. Ltd., 
Amravati 

M/S Bee Zed Biotech., 
Gurgaon 

Crop Health Products Ltd. 
Ghaziabad 

Crop Health Products Ltd. 
Ghaziabad 

Hoechst AgrEvo, Bombay 
Maharashtra Cooperative Oil 
Seed Federation, Jalgaon 

Cadila Pharmaceuticals Ltd., 
Ahmedabad 

Cadila Pharmaceuticals 
Limited, Ahmedabad 
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Table 1 (continued) 






S.No Technologies 


Developed by 


Transferred to 


33. 


The IgM Mac ELISA for 
the detection of dengue 


National Institute of 
Virology, Pune 


Zydus Cadila Health Care, 
Ahmedabad 


34. 


The IgM Mac ELISA for 
the detection of Japanese 
encephalitis 


National Institute of 
Virology, Pune 


Zydus Cadila Health Care, 
Ahmedabad 


35. 


The IgM Mac ELISA for 
the detection of West Nile 
fever 


National Institute of 
Virology, Pune 


Zydus Cadila Health Care, 
Ahmedabad 


36. 


ELISA system to measure 
alpha-fetoprotein levels in 
pregnant women. 


Indian Institute of Chem- 
ical Biology, Kolkata 


Shantha Biotecnics 
Hyderabad 


37. 


An IgM-based assay for 
the detection of hepatitis 
A virus using monoclonal/ 
polyclonal antibodies. 


National Institute of 
Virology, Pune 


Bharat Biotech. Ltd., 
Hyderabad 


38. 


Urine-based system (ELISA) 
for the detection of four 
reproductive hormones. 


Institute for Research in 
Reproduction, Mumbai 


Zydus Cadila Health Care, 
Ahmedabad 


39. 


Western Blot for detection 
of HIV- 1 and -2 


Cancer Research Institute, 
Mumbai 


J. Mitra & Co., New Delhi 


40. 


Agglutination test for HIV-1 
and -2 using recombinant 
reagents 


University of Delhi, 
South Campus 


Cadila Pharmaceuticals, 
Ahmedabad 


41. 


A technology utilizing 
Yarrowia lipolytica expres- 
sing hepatitis B surface and 
pre-S genes (yielding high 
level of proteins/single step 
purification). 


University of Baroda, 
Baroda 


Biological Evans Ltd., 
Hyderabad 


42. 


A technology for expressing 
hCG using Pichia patoris 
system 


Indian Institute of 
Sciences, Bangalore 


Cadila Pharmaceuticals Ltd., 
Ahmedabad 


43. 


OIL ZAPPER Technology 
for oil spill treatments 


TERI, New Delhi 


Sriram Biotech Ltd., 
Hyderabad 
BPCL, Mumbai 


44. 


Recombinant protective 
antigen (rPA) against 
anthrax. 


Centre for Biotechnology, 
JNU, New Delhi 


Panacea Biotec Ltd. 
New Delhi 


45. 


Diagnostic test for peste 
des ruminants virus. 


Madras Veterinary 
College, TANUVAS, 
Chennai 


Indian Immunologicals, 
Hyderabad 


46. 


Production of xanthan 
gum 


Birla Institute of Scienti- 
fic Research, Jaipur 


M/s Shriram Biotech Ltd., 
Hyderabad 
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Briefly, the programmes and achievements in some of the broad areas of sup- 
port are outlined. 



2.1 

Agriculture 

About 800 million people in the developing World do not have enough to eat, an- 
other 34 million people in the industrialized nations also suffer from chronic 
food insecurity. Almost 2/3 of the industrialized people in the world live in Asia 
and Pacific. India alone has 204 million undernourished which is more than all 
of the sub-Saharan combined (FAO 1999). At the recent World Food Summit, all 
countries agreed that there should be a reduction by half in the number of hun- 
gry by 2015. This has to be translated into concrete objectives at local, national 
and regional level. 

In India today we have approached a food production level of more than 
200 milion tonnes (mt). According to ICAR, in 1998-1999, India for the first time 
had a record production of 202.5 mt.With rice and wheat being 84.7 and 71.0 mt, 
respectively, India has emerged as the second largest producer in the world. Pro- 
duction of pulses, oilseeds, potato, milk, egg and fish have also been high, plac- 
ing India amongst the front runners in their production. Generation, testing and 
adoption of improved technologies have played a major role in enhancing the 
production and productivity. Our population is likely to range from 1.4-1. 5 bil- 
lion by 2050; will it be possible for our farmers to produce over 300 mt of food 
grains? - The answer is “yes”, provided the appropriate technologies are intro- 
duced. 

Biotechnology can help to solve many problems limiting crops and livestock 
production in developing countries. National programmes need to ensure that 
biotechnology targets all sectors of society including resource-poor rural popu- 
lations, particularly in marginal areas where productivity increases are difficult 
to achieve. Biotechnology provides powerful tools for sustainable development 
of agriculture including fisheries, forestry as well as the food industry. Appro- 
priately integrated with other technologies for the production of food and agri- 
cultural products, biotechnology can be of significant assistance in meeting the 
needs of an expanding and increasingly urbanized population in the new mil- 
lennium. 

The success of the “Green Revolution” has depended on creating desirable new 
plant and animal varieties through conventional plant-breeding techniques. 
Biotechnology and especially genetic engineering offers a faster route. This tech- 
nology has today proved useful for increasing yield, reducing use of pesticides, 
providing improved fertilizers and developing varieties tolerant to biotic and abi- 
otic stress. Agriculture biotechnology has today come of age; it is referred to un- 
der different names - genetic engineering, gene splicing, bioengineering, re- 
combinant DNA technologies. This technology represents the latest tool that has 
been provided to plant breeders. It allows well characterized genes to be trans- 
ferred from one organism to another, thus increasing the genetic diversity avail- 
able to improve important commercial crop plants. The need to speed up the in- 
dustrialization of agriculture is increasing. Due to a liberalization in international 
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economy and globalization, the farming community is now highly competitive 
and in order to survive in the market they must produce more, acquire the best 
varieties and use the most advanced techniques. The use of the new biotechnol- 
ogy tools gains importance in this context. 

It can be hoped that 3/4 of the increase in food production will come from in- 
tensified production on existing land through the recent advances in bioscience. 
For crop improvement and enhanced productivity, the exploitation of heterosis 
vigor and development of new hybrids including apomixis, genes for abiotic and 
biotic resistance, and developing planting material with desirable traits would be 
essential. Genetic enhancement in the case of all important crops like wheat, rice, 
vegetables, coarse grains, and important horticultural crops would dominate the 
research scenario of the future. Around the world nearly 800 million people go 
to bed hungry; 170 million preschool children are undernourished. Transgenic 
research helps in producing new varieties that have higher productivity due to 
resistance to biotic and abiotic stress and are also nutritionally enhanced. 
The transgenic crops offer a more convenient and flexible management, higher 
productivity and a safer environment due to decreased use of conventional 
pesticides. Integrated nutrient management and development of new biofertil- 
izers and biopesticides, particularly, plant-based ones, would be important. The 
impact of biotechnology on human life and economic progress of various nations 
worldwide has given a major impetus to accelerating research, development and 
application of this field in the relevant socio-economic sectors. 

Application of biotechnology has had a tremendous impact on the field of bio- 
molecular research, food processing etc. In the area of agriculture biotechnology 
also, there are a number of success stories - use of tissue culture for producing 
large quantities of elite plant material, development of transgenic plant resistance 
to biotic and abiotic stress, effective production of improved strains of biofertil- 
izers and biocontrol agents, improved livestock varieties and improvement in the 
aquaculture sector. 

In India biotechnology has been applied in all these areas and the concerted 
support provided by the Government has today yielded fruitful results. Support 
for research and development and demonstration-related activities is being pro- 
vided to the universities, research institutes and voluntary organizations across 
the country. The support of the various Ministries and Departments of the Gov- 
ernment of India - Department of Biotechnology, Indian Council of Agricultural 
Research, Indian Council of Medical Research, Council of Scientific and Indus- 
trial Research, Ministry of Agriculture - has yielded fruitful results and today In- 
dia is poised to move ahead in the application of these technologies for improv- 
ing the livelihood and the socio-economic status of our population. 

Crop improvement involves in principle increased production potential of 
crop plants and sustaining it, making the produce cost-effective and improving 
crop quality. Commercial crop improvement programmes in the past addressed 
all these components and contributed significantly to the overall programme of 
crop improvement. Recombinant DNA technology has hastened the conventional 
breeding programmes. The priority crops are major cereals (rice and wheat), 
legumes (pigeonpea, chickpea), oilseed crops - Brassicas, groundnut, cotton, 
millets. 
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Genetic improvement of major Indian crop species has been achieved mainly 
through classical genetics and plant breeding methods. Recent advances in cel- 
lular and molecular genetics have opened new avenues to apply biotechnology 
tools for augmenting these conventional approaches. Considering the urgency to 
enhance food productivity and ensure nutritional quality, genetic engineering 
methods in producing transgenics with desired traits are assuming enormous 
significance worldwide. The speed with which this new technology is being com- 
mercialized is amazing. During the 20th century traditional plant breeding has 
brought about enormous increases in crop productivity. However, plant im- 
provement by hybridization is slow, and is restricted to a very small gene pool ow- 
ing to natural barriers of crossability. Beginning in the early 1980s, advances in 
plant-cell culture and genetic transformation have overcome these barriers by 
making it possible to transfer defined genes into all major food crops. 



2.1.1 

Transgenic Research 

India has evolved from a net importer of food grains with a domestic production 
of about 50 mt in 1950-1951 to a position of self sufficiency of food grains. The 
country has achieved a record food grain production of 206 mt in 1999-2000. The 
intensive area development programme (lADP), high-yielding variety pro- 
grammes and multiple variety programmes and multiple river valley projects 
played a key role in agricultural production. The Government announced the first 
National Agricultural Policy (NAP) to Parliament in June, 2000. The NAP envis- 
ages a growth rate of 4% in the agriculture sector over the next 2 decades. Besides 
achieving food and nutritional sufficiency, the policy parameter lays down broad 
management of inputs, providing incentives for agriculture, promoting invest- 
ment in agriculture, ensuring better risk management and introducing manage- 
ment reforms. 

In order to achieve food and nutritional security, the new tools of biotech- 
nology, especially the development of transgenics is gaining importance. The 
potential of this technology to enhance the agriculture productivity has been 
globally accepted, however, there are a number of concerns which need to be ad- 
dressed to make this technology acceptable to the public. The successful appli- 
cation of biotechnology for the production of desired crops to address issues 
related to malnutrition, poverty, increased productivity etc. has opened vast av- 
enues for rapid industrialization of this technology. The number of countries 
growing transgenic crops has increased from 1 in 1992, to 6 in 1996, to 9 in 1998, 
12 in 1999 and 16 in 2002. The total area under transgenics has increased from 
1.7 million ha in 1996 to more than 52 million ha in 2001. Between 1995 and 1998 
the value of the global market in transgenic crops grew from US $75 million to 
US $1.64 billion. The market is projected to increase to $6 billion in 2005, and to 
$20 billion in 2010 (James, 1998). Today nearly 30 agricultural biotech products 
are on the market and an equal number are being tested for release. 

The Department of Biotechnology has made a concerted effort to support var- 
ious programmes in the area of plant biotechnology. Three major types of ac- 
tivities are being supported: research and development projects in identified pri- 



12 



M. Sharma ■ R. Swarup 



ority crops (rice, wheat, chickpea and mustard); multi-institutional projects on 
development of transgenics for stress resistance and quality traits and plant mol- 
ecular biology programmes in centers of excellence. In addition to the public 
funded research there is a major interest being shown by the private groups also. 
Some of the major crops being studied are tobacco, potato, brinjal, rice, tomato, 
cabbage, mustard, cotton and cauliflower. Limited field trials have been initiated 
in most of the cases (Table 2). Some salient achievements in the development of 
transgenics are as follows: 

- Complete transgenic systems for Arabidopsis, rice and wheat have been es- 
tablished and this is now being used for developing varieties with important 
traits. 

- Transgenic mustard with Barnase and Barstar genes have been developed and 
contained field trials have been conducted in more than 15 locations. Trans- 
genic brinjal, tomato, tobacco, cabbage and cauliflower with toxin gene have 
also been developed and contained field trials completed. 

- The AmAl gene has been isolated from Amaranthus and successfully ex- 
pressed in potato. The transgenic high-protein potato is now being field eval- 
uated. A significant increase (35-45%) has been observed with respect to 
total protein content. 

- Several genes for stress resistance have been isolated and characterized from 
species of the cold and coastal eco-systems. 

- Transgenic cotton containing Bt toxin gene after completing field trials in 40 
locations is now being tested for large-scale field trials and seed production. 

A major initiative has been taken by India in the area of genomics. The Depart- 
ment of Biotechnology has established a National Center for Plant Genome Re- 
search in New Delhi. The main objective of the center is to take up research work 
and structural, functional, and plant genomics of priority crops. The emphasis at 
present is on chickpea and Catharanthus. 

Considering the fact that international collaboration is essential to foster 
progress in generating high-precision sequence information, the International Rice 
Genome Sequencing Programme (IRGSP) was conceived in 1997. India has recently 
participated in the IRGSP along with 10 other coimtries, namely Japan, USA, China, 
Korea, Thailand, France, Taiwan, UK, Canada and Brazil. The complete rice genome 
sequence information obtained through this collaborative project between public 
funded institutions of various countries will be placed in the public domain and, 
hence, can be freely used by the member countries. The Indian project aims to se- 
quence 10 Mb of the total 430 Mb rice genome over the next five years. 



2.1.2 

Plant-Tissue Culture 

The biotechnology industry has in a short span of time developed into a multi- 
billion dollar industry. Tissue culture technology is one such technology, which 
is of enormous potential for commercialization for providing improved quality 
products and also sufficient employment opportunities there by directly pro- 
viding benefit to the socio-economic sector. 
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Table 2. Developments in transgenic research in India [2] 




Institute 


Crops used 
for trans- 
formation 


Transgenes 

inserted 


Aim 


Current Status 


Central Tobacco 
Research Insti- 
tute 


Tobacco 


Bt toxin genes 


Resistance to 
tobacco cater 
pillar (Spodop- 
tera litura) 


One season of 
contained field 
trial completed; 
further evalua- 
tion under pro- 
gress 


Central Potato 
Research Insti- 
tute, Shimla 


Potato 


Bt toxin gene 


Resistance to 
potato tuber 
moth (Phtho- 
rimaea opur- 
cullella) 


Ready to under 
take glasshouse 
trials 


Indian Agricul- 
tural Research 
Institute (lARI), 
New Delhi 


Brinjal 


Bt toxin gene 


Resistance to 
shoot and fruit 
borer (Leucino- 
des arbonailis) 


Two seasons of 
field trials over; 
further evaluation 
in progress 


lARI.New Delhi 


Rice 


Bt toxin gene 


Resistance to 
yellow stem borer 
(Scirpophage 
incertulas) 


Ready for green 
house trials 


lARI.New Delhi 


Tomato 


Bt toxin gene 


Resistance to fruit 
borer (Helicoverpa 
armigera) 


One season field 
trial over; evalu- 
ation in progress 


lARI.New Delhi 


Cabbage 


Bt toxin gene 


Resistance to dia- 
mond back 
(Plutella xylostella) 


Ready for green 
house trial 


lARI.New Delhi 


Tomato 


ACC synthase 
gene 


Delayed fruit 
ripening 


Ready for green 
house trials 


lARI.New Delhi 


Brassica 


Annexin gene 


Tolerance to 


Field trial in 




Juncea 


from Arabidopsis 


moisture stress 


progress 


lARI.New Delhi 


Potato 


Osmotin 


Tolerance to 
moisture stress 


Field trial in 
progress 


Directorate of 
Rice Research 
(DRR), Hydera- 
bad 


Rice 


Bt toxin gene 


Resistance to 
yellow stem 
borer 


Ready for green 
house trials 


DRR, Hyderabad 


Rice 


Chitinase gene 


Resistance to 
sheath blight 
disease 


Ready for green 
house trials 


Bose Institute, 
Calcutta 


Rice 


Bt toxin gene 


Resistance to 
yellow stem borer 


Greenhouse trials 
in progress 


Delhi Univ., 


Mustard/ 


Barnase and 


Pollination con- 


Ready for field 


South Campus, 
Delhi 


Rapessed 


Barstar 


trol for hybrid 
development 


trials 
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Table 2 (continued) 



Institute 


Crops used 
for trans- 
formation 


Transgenes 

inserted 


Aim 


Current Status 


Jawaharlal 
Nehru Univer- 
sity, New Delhi 


Potato 


Ama-1 gene 
from Ama- 
ranthus 


To improve nutri- 
tional quality 


Transgenic lines 
under evaluation 
under contain- 
ment conditions 


Central Institute 
of Cotton Re- 
search, Nagpur 


Cotton 


Bt toxin gene 


Resistance to 
lepidopeteran 
insect pest 


Greenhouse trials 
in progress 


MKU, Madurai 


Rice 


P5cs gene 


Resistance against 
abiotic stresses 


Transgenics ready 
for field trials 


ICAR, Research 

Complex, 

Shillong 


Rice 


Bt toxin gene 


Resistance against 

lepidopteran 

insects 


Transgenics ready 
for field trials 


Rallies India 
Ltd., Bangalore 


Rice 


Snow drop 
Lectin gene 


Resistance against 
lepidopteran, 
coleopteran in pests 


Transformation 
being carried out 


M/s Proagro 


Mustard/ 


Barnase and 


Pollination control 


Contained field 


PCS India Ltd., 
New Delhi 


Rapeseed 


Barstar 


for hybrid 
development 


trials in more 
than 15 locations 
over; Open-field 
research trials in 
progress 


M/s Proagro 
PCS India Ltd. 


Tomato 


Bt toxin gene 


Resistance to 
lepidopeteran 
insect pests 


One season con- 
tained field trial 
over; further trials 
in progress 


M/s Proagro 
PCS India Ltd. 


Brinjal 


Bt toxin gene 


Resistance to 
lepidopteran 
insect pests 


Glasshouse exper- 
iments in progress 


M/s Proagro 
PCS India Ltd. 


Cauliflower 


Barnase and 
Barstar 


Pollination control 
for hybrid 
development 


Glasshouse exper- 
iments in progress 


M/s Proagro 
PCS India Ltd. 


Cauliflower 


Bt toxin gene 


Resistance to 
insect pests 


Glasshouse exper- 
iments in progress 


M/s Proagro 
PCS India Ltd. 


Cabbage 


Bt toxin gene 


Resistance to 
insect pests 


Glasshouse exper- 
iments in progress 


M/s Mahyco, 
Mumhai 


Cotton 


Bt toxin gene 


Resistance to 
lepidopteran 
insect pests 


Field trials in over 
40 locations com- 
pleted; Now large 
scale field trials 
and seed produc- 
tion underway 
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Ciirrent techniques for in vitro propagation of plants and the ready acceptance 
of tissue culture-raised plants by the commercial sector, have allowed for con- 
tinued growth within the micropropagation industry. Micropropagation tech- 
nology is being extensively used for large-scale production of elite planting 
material of desired characteristics. A number of horticultural crops, i.e., orna- 
mentals, vegetables and fruit crops are being propagated commercially through 
tissue culture. Globally the commercialization of tissue-culture technology is in- 
creasing rapidly. 

The recent move towards liberalization of the Indian economy has a profound 
impact on the future development of the biotechnology industry. Micropropa- 
gation of plants through tissue-culture techniques has proved to be one of the 
most successful and popular economic developments. Micropropagation tech- 
niques have been commercialized globally, especially in the nations with indus- 
trialized agriculture. It is reported that over 796 commercial companies are en- 
gaged in such activities all over the world and their number is increasing. Annual 
plantlet production is approximately 900 million plantlets. In India, there are 
nearly 70 registered companies with approximately 30 companies having imme- 
diate plans for selling tissue-cultured plants and more than a dozen already on 
the market with their products. Annual production is estimated at approx. 50 mil- 
lion plantlets; however, the installed capacity is nearly 150 million. Tissue-cul- 
tured planting material of fruit crops like banana, strawberries, grapes, papaya, 
cardamom and ornamental flowers such as gerbera, carnation and orchids are 
available besides a number of foliage ornamentals. 

The tissue-culture industry today is mainly catering to the requirements of the 
floriculture and horticulture sectors. In fact, the tissue- culture industry forms the 
major backbone of the floriculture and horticulture industries. The elite quality 
starter material for the floriculture and horticulture crops is provided through 
tissue-culture regeneration which helps in multiplying in large quantities the 
mother explant. There is a tremendous global market for floriculture crops which 
stands at approx. US $ 60 billion growing steadily at a rate of 1 1% p.a. The flower 
consumption is mainly confined to the developed nations and this is largely 
dependent on socio-economic and cultural factors. Globally, the tissue-culture 
companies are also increasing and the 900 million plants being produced world- 
wide results in an annual turn over of US $ 250 million as against a global mar- 
ket of US $ 15 billion. The potential demand for planting material of agriculture, 
horticulture, floriculture, and forestry crops is 16 trillion units of propugules per 
year globally with a potential market size of US $ 4 trillion per year. 

Plant micropropagation is a powerful and potential tool for producing the re- 
quired number of propogules of desired characteristics at a competitive price, as 
and when the customer or farmer requires. Large-scale propagation of elite 
clones from hybrids or specific parental lines through commercial micropropa- 
gation holds the promise of alleviating problems of shortage of healthy seeds or 
planting material and lack of disease-resistant clones which have been affecting 
the economy of various countries of the world, especially the developing coun- 
tries. Plant-tissue culture can virtually double the yield of clonally propagated 
crops such as banana, cardamom, etc. With the shrinking per capita land, it is es- 
sential to increase the productivity of the land and quality of the produce. 
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In India, the existing natural resources and expertise such as abundance of ge- 
netic base, diverse agroclimate zones, highly qualified and skilled manpower, 
agri-based economy etc. provide enough scope for expansion of the industry. In 
order to fully exploit the plant-tissue culture technology commercially for pro- 
duction of desired planting material, it is essential to work out the economics of 
plantlet production. It is, therefore, necessary to suitably modify the technology 
in order to produce plants at the least cost. Cost-effective production of desired 
phenotypes of plant species should be the prime concern of the tissue-culture in- 
dustry. 

Although there is a great potential for the tissue-culture products both in the 
domestic and export market this has not been fully exploited. The main reason 
for the decline of the tissue culture industry has been a saturation of the prod- 
ucts mainly because the industries have been targeting a limited export market. 
There is an urgent need today for the industry to tap the potential that exists in 
the domestic market and with proper product diversification it will be possible 
to achieve this. The tissue-culture technology requires intensive market survey 
and introduction of this new technology and product demands a high purchas- 
ing power. 

The Department of Biotechnology has played a pivotal role in promoting the 
commercialization of plant-tissue culture. A vast network programme covering 
nearly 80 research institutes/universities has been working on protocol devel- 
opment of 60 different species; 20 technology packages have been perfected. Two 
Micropropagation Technology Parks set up by the Department at NCL, Pune and 
TERI, New Delhi have successfully transferred 5 technologies to the industry. 
Nearly 10 million plants have been produced and field-planted over 8500 ha area. 



2.1. 2.1 

Horticultural and Plantation Crops 

India being endowed with a wide variety of agroclimatic regions holds an im- 
portant position in the horticulture crops. India is the second largest producer 
of fruits and vegetables next to Brazil and China. Total fruit production is esti- 
mated at 40.05 mt from 3.68 million ha. There is still enormous potential to 
enhance the productivity per unit ha. With the recent WTO agreement, Indian 
horticultural produce/products will have to be competitive both in the domes- 
tic and export markets. This calls for the use of latest hi-tech horticulture tech- 
nologies. Such latest technologies include genetically modified crops, tissue cul- 
ture for production of superior quality planting material, integrated nutrient and 
pest management, molecular diagnostic kits for disease detection etc. The efforts 
in this direction are continuing. 

The Department of Biotechnology has been supporting activities for im- 
provement of horticultural and plantation crops through tissue culture tech- 
niques. Some of the priority crops identified are citrus, mango, banana, apple, tea, 
coffee, rubber and spices. R & D efforts have been supported for perfecting re- 
generation protocols. 

Complete regeneration and micropropagation protocols have been developed 
for black pepper, coffee, tea, cardamom, vanilla and some other spices such as 
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clove, kala zira, saffron etc. In order to mass multiply these spices for commer- 
cial purposes, the efficiency of the protocols is being tested and field demon- 
strations are being conducted to test the performance of tissue-culture raised 
plants vis-a-vis the control. Banana, cardamom and vanilla have already been 
demonstrated and good results reported. An effort is being made now to develop 
complete technology packages which can be adopted by the farmers. 

Major crops-based network programmes have been supported for improving 
productivity through biotechnological approaches. The thrust has been on de- 
veloping disease-resistant high-yielding varieties through transgenic and tissue 
culture regeneration. The main crops are: coffee, tea, black pepper, ginger, car- 
damom etc. 



2.1. 2.2 

Forestry 

India has a land area of 3.29 million km^ and 0.64 million km^ of forest area 
(nearly 2.5% of the world’s geographical area and only 1.8% of the world’s for- 
est area). The average productivity of forests in India is 0.7 m^/ha/year as against 
the world’s average of 2.1 m^/ha/year. Research efforts for increasing the pro- 
ductivity and conservation of elite material have been supported. The application 
of tissue culture offers immense potential in this area, and this is now being op- 
timally exploited. Tissue-culture regeneration of elite varieties not only helps in 
producing large quantities of true-to-type planting material but also ensures that 
this is done in the shortest period of time. The difficult-to-root recalcitrant 
species for which there is a serious dearth of planting material are multiplied 
through tissue culture and made available for the afforestation programme. 

Taking note of the urgent requirement of producing high-quality planting ma- 
terial in the area of forestry, the Department of Biotechnology initiated major ac- 
tivities during the 7th and 8th plan period. Research and development projects 
were supported at various universities and research institutes across the coun- 
try for standardizing complete protocols for plantlet regeneration through tissue 
culture of nearly 20 important forest tree species. To date protocols for more than 
10 different tree species have been perfected and demonstrated effectively in the 
field. 



2. 1.2.3 

Tissue Culture Pilot Plants 

A concerted effort has been made by the Department to demonstrate the feasi- 
bility of large-scale production of forest trees through tissue culture. It was felt 
necessary that, before the technology is transferred for large-scale production to 
the entrepreneurs and other end-users, field data should be collected. Two Tis- 
sue Culture Pilot Plant Units were set up at NCL, Pune and TERI, New Delhi as 
major infrastructure facilities to successfully demonstrate the feasibility of large- 
scale production and plantation of forest trees. Each TCPP has a production 
potential of approx. 1 million plants. The protocols developed at the TCPP and by 
other R & D groups were refined and scaled up at the TCPP. Cost-effective tech- 
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nology packages have been perfected. Nearly 60 lakh plants have been produced 
and field planted over an area of 6000 ha. The main forest tree species being mul- 
tiplied are (i) Eucalyptus tereticornis, (ii) Eucalyptus camaldulensis, (hi) Den- 
drocalamus strictus, (iv) Populus deltoides, (v) Tectona grandis, and (vi) Anogeis- 
sus pendula [1]. 

The field demonstration trials have been conducted in 17 states in association 
with the State Forest Department, Forest Corporations and other user agencies. 
In addition, the agricultural universities are concentrating on field trials of agro- 
forestry species. The main emphasis of the study is to demonstrate the field per- 
formance of the tissue culture-raised plants of the different forest tree species in 
the field. The preliminary data collected indicate a survival percentage of 95-98% 
and a better response of the growth parameters vis-a-vis the control. The pre- 
liminary cost-benefit analysis has been conducted in the farmers’ field and the 
demonstration plot of Eucalyptus demonstrates higher growth rates, early rota- 
tion leading to a higher cost-benefit ratio (1:3). Wood volume of tissue culture- 
raised plants was 45 m^/ha higher and fetched 38.91% more value of wood which 
resulted in higher net profit of 42% and approx. Rs. 15,000-20,000 additional 
earning per hectare in the case of TC-raised plants of Eucalyptus. 

An important aspect of the field evaluation of different plant species, especially 
forest trees, is the testing of genetic fidelity of the tissue culture-raised plants. The 
Department has made a concerted effort to evaluate the genetic fidelity of the 
plants in the field in order to collect data on different parameters. For those plants 
which are being produced in large quantities, the complete genetic variability has 
been studied using different molecular markers. Research projects have been 
supported in different research institutes/universities. 



2.1. 2.4 

Hardening Units 

One of the main bottlenecks faced in the large-scale multiplication of forest trees 
and other plants through tissue culture, especially in view of their specific re- 
quirements related to the different agroclimatic regions, is the hardening proce- 
dure. In order to tackle these issues effectively the Department took up as a pri- 
ority the objective of supporting smaller hardening units catering for the 
requirements of the specific agroclimatic regions. Six regional hardening units 
have been established. Through the efforts of these hardening units the protocols 
for various regions have been scaled-up and the tissue-culture technology is be- 
ing popularized and made highly cost effective so as to reach the grass root level. 
The other important feature of these hardening units is that they promote effec- 
tive linkage for technology dissemination at a state level. 



2.1. 2.5 

Micropropagation Technology Parks 

The two TCPPs at NCL, Pune and TERI, New Delhi, were then converted to 
Micropropagation Technology Parks which act as an interface between the re- 
search institutes and industry. In addition to demonstrating the large-scale pro- 
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duction of forest tree species the MTPs are also optimizing protocols for horti- 
culture and plantation crops and other crops of commercial interest. The MTPs 
have perfected technologies for nearly 20 different plant species and have already 
transferred to the industry 10 different technologies. There is a strong R & D 
group at the two MTPs and a continuous effort is being made to refine the tech- 
nologies developed either at the MTP or by different research groups, so that cost- 
effective technology packages could be generated. The MTPs also provide train- 
ing for generating skilled manpower and interact closely with the industry, state 
departments and other end-users so that different technologies can be made 
available for adoption. They also offer contract research and contract production 
to the industry and smaller entrepreneurs. Projects have been taken up on a turn 
key basis for different state departments/universities/agencies. Forest trees are 
being planted in association with State Forest Departments. In addition, some 
economically important crops such as sugarcane and potato are also being mul- 
tiplied in large number. The thrust of this activity is to promote the technology 
at grass-root level in association with farmers. The cost-benefit analysis for the 
different plant species produced through tissue culture has also been worked out. 
In the case of sugarcane, a 1.5-fold increase in yield and a 1% increase in sugar 
content have been reported. A 5-fold increase in biomass yield has been reported 
in the case of banana. 

The Department is making a concerted effort to promote the commercializa- 
tion of the plant-tissue culture technology. One of the main concerns of the plant- 
tissue culture industry was that the tissue culture raised plants need to be certi- 
fied both in terms of being virus free and also the quality. The Department has 
now set up a National Facility for Virus Diagnosis and Quality Control. The main 
facility is located at lARI, New Delhi and there are 5 satellite centers and the fa- 
cility is functioning in a network manner. Virus diagnosis is being done for 
known and unknown pathogens. Diagnostic kits are being developed. The qual- 
ity control specially for the forest trees is being certified using molecular mark- 
ers and DNA fingerprinting techniques. The planting material will be indexed 
and certified for the industry, and other research institutes/organizations in- 
volved in the large-scale production of tissue-culture plants. 



2.1.3 

Medicinal and Aromatic Plants 

Medicinal and aromatic plants hold enormous potential in view of the rich biore- 
sources existing in our country. Major programmes have been launched not only 
for mass cultivation but also for their sustainable utilization. Applications of 
biotechnology for conservation, micropropagation, production of secondary 
metabolites, biotransformation of intermediates into pharmaceutically impor- 
tant products and genetic improvement of medicinal and aromatic plants have 
been taken up. The Department has supported programmes for mass multipli- 
cation of elite medicinal and aromatic plants, and end-to-end programmes for 
herbal product development. 

Under this programme germplasm conservation is an important component. 
Four gene banks have been set up. The four gene banks set up by the DBT have 
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collected nearly a thousand accessions from different biogeographic regions of 
the country and are conserving collected accessions of rare, threatened, endan- 
gered and economically important species in field gene banks, seeds banks, in 
vitro repository, DNA bank and under cryopreservation. The gene banks at: Trop- 
ical Botanical Garden and Research Institute, Thiruvananthapuram, National 
Bureau of Plant Genetic Resources, New Delhi, Central Institute of Medicinal & 
Aromatic Plants, Lucknow, and Regional Research Laboratory, Jammu Tawi are 
concentrating on medicinal and aromatic plants, critically endangered high 
altitude medicinal plants of the North-West Himalayas and accessions from the 
wild collection of different regional stations. In addition to conservation of seeds 
and other materials in a seed bank and through cryopreservation, the emphasis 
is also on field gene banks. 

2.1.4 

Biological Software 

Indian agriculture has shifted from traditional to intensive farming with indis- 
criminate use of chemical fertilizers and pesticides which, in turn, has made our 
soils largely non-productive and has contaminated the ground water. Chemical 
fertilizers use, always falling short by 8-10 million tons [3], is staggering, con- 
sidering the country’s future demand for food. Incorporation of biofertilizers or 
microbial inoculants in combination with organic manure can reduce the detri- 
mental effects of the current agricultural practices in an eco-friendly manner. Use 
of biofertilizers such as Rhizobium, Azospirillum, Azotobacter,blue green algae, 
Azo /Zfl,mycorrhiza and phosphate solubilizers can facilitate management of crop 
nutrients leading to long-term sustainability in crop production. Their addition 
also increases the fertilizer use efficiency of the crop plants. With an ever in- 
creasing population, it is necessary to increase crop productivity per unit area 
without causing further deterioration in soil health and maintaining micronu- 
trient balance. 

The area of biological software has today advanced very rapidly and complete 
practices are available for biofertilizer and biocontrol applications. Suitable 
strains have been identified for different crops and regions and these are now be- 
coming highly acceptable by the farming community since they provide valuable 
inputs for increased productivity and sustainable agriculture. 

Most of the production of biofertilizers in the country is being done in the 
public sector by research institutions, universities and the National Biofertilizer 
Development Center. A few state and co-operative fertilizer units also have ven- 
tured into this field. Surprisingly, the involvement of the private sector is ex- 
tremely limited in spite of it being a low investment and high benefit technology. 
Almost all the production units in the country are producing only the bacterial 
biofertilizers and the present day annual production is estimated to be around 
9,000 metric tonnes which is far below the demand of more than 700,000 mt/ 
annum. 

On the other hand, our domestic production of nitrogen fertilizers is only 
around 8.6 mt with an infrastructure investment of Rs. 120,000 million. This, to- 
gether with an import of 2.34 mt and a total subsidy of Rs. 48,000 million is able 
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to meet only about 2/3 of the total fertilizer requirement of the country. The con- 
sumption of fertilizers is also not uniform and seems to be directly proportional 
to the size of the land holdings. Only 30 percent of the total fertilizers consumed 
in the country are used by about 68 million farmers owning 65 percent of the to- 
tal arable land. It is this group which can be easily motivated to adopt biofertil- 
izer technology. The area of biopesticides also has enormous potential. 

The Department of Biotechnology has supported a large number of pro- 
grammes in the area of biopesticides and biofertilizer technology development 
[1]. Several packages have been developed to facilitate the use of the new tech- 
nology by the farming communities. The biofertilizer technology has been 
demonstrated benefiting nearly 20,000 farmers. The technology for production 
of mycorrhizal biofertilizer has been transferred to the industry. In the area of 
biocontrol 75,000 ha have already been covered and 35,000 farmers have been 
benefited. An antifungal formulation for control of root rot disease was developed 
and transferred to the industry. 



2.1. 4.1 

Biofertilizer 

Blue-green algae (BGA) for nce,Rhizobium for legumes and oil seeds. My corrhiza 
for tree crops and Acetobacter for sugarcane have significant potential to sustain 
productivity and soil fertility. The concept of the biofertlizer programme is to 
domesticate some of these microorganisms in our agriculture production sys- 
tem, so that the vast natural reserve of nitrogen in atmosphere can be tapped as 
an additional source to meet our requirements, especially by small and marginal 
farmers who cannot afford costly chemical fertilizers. 

A number of technologies have been developed under a mission-mode pro- 
gramme by the department and to incorporate these technologies a network pro- 
gramme on integrated nutrient management has been started. The major objec- 
tive is the integrated use of biofertilizers in the nutrient management. This is 
being implemented at 17 centers and some R & D projects are also being sup- 
ported in the gap areas. 

For popularizing use of biofertilizers, 7,000 experimental demonstrations were 
conducted and about 6,000 farmers were trained in the use of blue-green algae 
and rhizobium. About 250 training programmes have been conducted. The in- 
crease in paddy yield due to application of blue-green algae ranged from 
13-16.67% whereas in pulses and oilseeds application of rhizobium resulted in 
a yield increase in the range of 5-13.5%. Based on this, a network programme on 
integrated nutrient management has been started. The technologies have been 
developed for inoculum production for ecto- and endo-mycorrhizae [1]. 

Technologies have been developed under mission-mode programmes and 
packaged for transfer to entrepreneurs. A major programme on genetic modifi- 
cation of various biofertilizer strains to enhance nitrogen fixing ability by in- 
creasing the copy number of nif genes and also by incorporating the hup gene 
which is responsible for hydrogenase enzyme production is to be undertaken. 
The major emphasis will be on development of GMOs for higher nitrogen fixa- 
tion and adaptability. 
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2.1. 4.2 

Biological Pesticides 

The main objective is to develop new formulations and cost-effective, commer- 
cially viable technology for the production of biocontrol agents to be used under 
integrated pest management of key pests and diseases of economically important 
crops. Overall objective of the programme is also to integrate the use of biopes- 
ticides/natural enemies along with other components of IPM and INM for 
developing a capable module/package of practices which is cost-effective, sus- 
tainable and ecofriendly in different crop ecosystems. The programme aims at 
studies on microbial pesticides and other natural enemies, transgenic Bt. and 
molecular aspects of other biocontrol agents, insect cell lines, pheromones and 
botanical pesticides. Significant progress has been made in terms of development 
of cost-effective and commercially viable mass production technologies of var- 
ious bio control agents/biopesticides, and field efficacy demonstration of various 
biocontrol agents/biopesticides in an area of 75,000 ha covering various eco- 
nomically important crops under different ecosystems has been carried out. An 
effort has been made to study the economic benefits in IPM trials by working out 
the cost-benefit ratio in terms of a) monetary gain,b) yield increase, c) reduction 
in pesticide consumption and promoting general awareness about the biocon- 
trol-based IPM technology among the farming community and the end-users. 
Through the mission-mode programme the gap in the availability of a sufficient 
quantity of biocontrol agents was bridged to a considerable extent by setting up 
20 production units. The mass production technologies for various biocontrol 
agents have been fine tuned to suit the various agroclimatic zones. A number of 
biopesticide technologies has been developed through this programme. Four fer- 
mentor-based technologies have been transferred to the industry. 

2.1.5 

Animal Biotechnology 

Animal husbandry is an important source of self employment and subsidiary oc- 
cupation in rural and semiurban areas, especially for people living in drought 
prone, hilly, tribal and other poorly developed areas where crop production alone 
may not fully sustain them. The share of animal husbandry to the total GDP of 
the country in 1950-1951 was 15.5% and this rose to 27% in 1995-1996 with an 
annual growth rate of 4.8% in the diary sector and 15% in the poultry sector. The 
per capita availability of milk has increased from 140 grams in 1947 to 195 grams 
today [4]. This is highly significant taking note of the increase in population since 
then. Although there has been a increase in the livestock population there is a 
great need today to have genetically superior stock which is more successful and 
productive. The application of newer technologies greatly contributes to this. 

The DBT has initiated major programmes in animal biotechnology. The latest 
biotechnology tools are applied for improving the livestock production and pro- 
ductivity as also the wealth. Embryo transfer technologies have been standard- 
ized in buffalo and camel. Good leads have been obtained on indigenous breed 
characterization and embryo preservation. A new protocol for camel superovu- 
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lation was developed for the first time. Expression of the bovine growth hormone 
gene in E. coli bacteria, a health package for infectious bovine rhinotrachititis di- 
agnosis and control, and preparation of reconstituted collagen sheet of bovine 
origin for wound healing applications are other highlights. Seven different types 
of transgenic mice carrying antibiotic markers, hepatitis-B antigens, interleukin 
genes and other markers have been developed. A new rabies vaccine for animals 
has been produced and is being tested for technology transfer. Similarly, a preg- 
nancy diagnosis test for cattle and buffalo as well as a vaccine for blocking fer- 
tility in female dogs will be ready soon. 



2.1.6 

Aquaculture and Marine Biotechnology 

Fisheries play an important role in the Indian economy and support nearly 6 mil- 
lion full-time and occasional fishermen. This continues to be a thrust area of the 
country’s development programme due to its vital contribution to employment 
generation, food security and foreign exchange earnings. The country has a vast 
coast line of more than 8000 km and 2 island territories. There is a high poten- 
tial of marine fisheries from the Indian Ocean. Fish production in India reached 
a level of approx. 5.40 mt in 1998 and the country is now the 6th largest producer 
in the world. Out of this nearly 2.90 mt are from the marine sector. The earnings 
from export of fish and fishery products amounted to US $ 1.30 billion in 1998. 
The targeted production of 10 mt actually largely depends on aquaculture. There 
is a megadiversity of aquatic species existing in the country. Aquaculture repre- 
sents an optimum use of scarce land resources and an efficient system for con- 
version of biomass into proteins. Today aquaculture products are among the fast- 
moving commodities. An integrated holistic approach towards the aquaculture 
is helping not only in diversification of the bread basket but also in employment 
generation and foreign exchange earning. 

The thrust of the DBT-supported programmes is on improving the production 
and productivity of the major marine bioresources, developing a better improved 
feed, and health-related vaccines. Research projects have been supported to 
strengthen the gap in the areas of health and diagnostics, transgenics, cell and tis- 
sue culture, intensive prawn culture, carp culture, feed and seed production. Em- 
phasis was laid on the development of bioactive compounds and culture tech- 
nology in non-conventional aquaculture species, etc. Projects in these areas were 
taken up to sustain research and development needs and to help diversification 
in aquaculture towards production and productivity increase. The results were 
significant leading to product and process development thereby enabling trans- 
fer of various technologies to industry and entrepreneurs. Useful leads generated 
in the programme include the development of a heat-killed whole cell vibrio vac- 
cine using a virulent strain of Vibrio harveyi. This has shown immune response 
in shrimp {Penaeus monodon) and the technology has been transferred to in- 
dustry. New oligopeptide primers were designed for detection of white spot 
shrimp virus ( WSSV) by PCR, useful in developing a diagnostic test. Monoclonal 
antibodies have been developed for diagnosis, serotyping and characterization 
of WSSV. Presumptive transgenic zebra fish were developed using rat growth hor- 
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mone gene. Experiments have been undertaken to transfer newly designed vec- 
tors to produce transgenic fish. Efforts are being made to produce disease-resis- 
tant transgenic carp and zebra fish. A prawn complex comprising hatchery, feed 
mill and farming system has been set up for Macrobrachium rosenbergii. Prawn 
hatchery has an annual capacity of 10 million post larvae. A feed unit with a ca- 
pacity of 250 kg pellets per hour has been established and feed production 
started. 



2.2 

Biodiversity Conservation and Bioprospecting 

A multicentric project on bioprospecting of biological wealth using biotechno- 
logical tools has been supported jointly by DBT and Department of Space. The 
overall objective is of characterization, inventorization and conservation of 
biodiversity of different ecogeographical regions and prospecting of genes and 
biomolecules. The programme focuses on the two hot spots - the North Eastern 
Himalaya and Western Ghats and also on regions of the Western Himalaya. A ma- 
jor component of the programme is mapping of the biodiversity at landscape 
level through remote sensing. This activity is being undertaken by Department 
of Space. In addition to preparation of Biome maps, species level mapping is also 
being done. A biomonitoring system for Western Ghats is being prepared. The ge- 
netic profiling and cataloguing of species is being done using molecular mark- 
ers. Economically and medicinally important species are being prospected for 
genes and bioactive molecules of therapeutic and agricultural importance, con- 
servation strategies are being worked out depending on the species richness. Tis- 
sue culture regeneration systems are also being studied. 

Through this programme the landscape level vegetation mapping has been 
completed for the North East, Western Ghats and parts of Western Himalayas. 
Through the use of molecular markers, complete genetic profiling is being done. 
Economically important elite varieties have been identified and the fingerprint- 
ing is being done to compare accession/collection from different geographic 
locations. This is helping in developing conservation strategies, especially for the 
endangered species. Studies have also been initiated in the Andaman and Nico- 
bar Island regions. 

Gene prospecting studies have been successful and today nearly 25 stress-tol- 
erant genes from plant species of fragile ecosystems have been identified, char- 
acterized and cloned. Studies are also ongoing for transferring these genes to 
other economically important crop plants. Important leads have been obtained 
in prospecting of bioactive molecules for agricultural and therapeutic products. 



2.3 

Biofuels 

Biomass is defined as any organic matter that is available on a renewable and a 
recurring basis. Apart from the dedicated energy crops and trees, biomass re- 
sources constitute forage grasses, oil seeds/waxes, short rotation woody crops, 
agricultural and forest residues, and algae/aquatic plants. 
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The ideal biomass should possess low inputs and maintenance, early maturity, 
short rotation, high fuel wood yield and easy harvesting. Domestic biomass re- 
sources include agricultural and forest wastes, municipal solid wastes, industrial 
wastes, and terrestrial and aquatic crops grown solely for energy purposes, 
known as energy crops. Biomass is used in the production of energy in the form 
of solid fuel (wood, charcoal for domestic cooking), liquid fuel (biodiesel and 
bioethanol), gaseous fuels, electricity/thermal power. 

In India, about 390 million tonnes of major agricultural residues are generated 
annually which have a potential of producing approximately 170 billion liters of 
ethanol with the right technology [5]. At present, no technology at commercial scale 
is available to utilize agriculture residues, large fractions of MSW, microalgae etc. 
to produce bioethanol and biodiesel. The total annual production of ethanol in the 
coimtry is about 1.3 billion liters from sugarcane molasses-based technology. 

The Indian Institute of Petroleum, Dehradun started working on the devel- 
opment of energy crops for liquid fuels in 1979 in collaboration with the National 
Botanical Research Institute, Lucknow under the sponsorship of the Department 
of Science and Technology and later Department of Non-conventional Energy 
Sources. Out of the 74 resinous plants studied, 7 were selected as the most energy 
rich crops. They are Euphorbia antisiphilitica, E. caducifolia, E. royleana, Calo- 
tropis procera, C. gigantea, and Cryptostegia grandiflora. Hydrocracking of bio- 
crudes of Euphorbia neriifolia, E. royleana, C. gigantea and C. grandiflora using 
palladium-nickel-timgsten catalysts yielded liquid fuels. E. antisyphilitica was the 
best amongst all, yielding a maximum amount of liquid fuel (8.8% of biocrude) 
and a minimum amount of gases and coke. Detailed studies have been carried out 
at the University of Rajasthan on the methods of cultivation of E. antisyphilitica 
as well as for improving its biocrude yield. As a result a crop of 1 60 tons/hectare/ 
year of plant, 15% of which is biocrude has been harvested. This will yield 
3.37 tons of bio crude/hectare every year. With 94.5% of biocrude converted to 
liquid fuel it comes to about 3 tons of liquid fuels/hectare. 

The work on cultivation and breeding of hydrocarbon-yielding plants was ini- 
tiated at NBRI, Lucknow, in 1979 and at the University of Rajasthan in 1982. The 
first plants to be taken up were Euphorbia lathyris, E. tirucalli, E. royleana, E. ca- 
ducifolia, Pedillanthus tithimaloides, Calotropis procera, C. gigantica, and Cry- 
tostegia grandiflora. Although E. lathyris grows and yields well it failed to pro- 
duce seeds and survive the semi-arid dry summer conditions due to heavy 
infection of soil fungi, E. tirucalli has great potential but its biocrude content is 
relatively lower. 

It is evident that further research is needed to develop better sources and 
methods for the production of biofuels. One useful plant is Jatropha curcas Linn 
belonging to the Euphorbiaceae family. Neem and mahua oils have been tested 
for use as blends. Preliminary engine tests carried out with the blends of neem 
and mahua oils with diesel have shown that they can be substituted by neem oil 
and 20% by mahua oil. Other oils studied for the purpose are karanje and rice 
bran oil. All these studies show that blends in the ratio 1:1 with diesel perform 
well, but the oil has to be heated first. If not, the efficiency of the engine drops. 
The Ministry of Non-conventional Energy Sources has launched major research 
and development programmes on biomass production. 
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Significant work has been done in the area of bioethanol and biodiesel. A 
number of groups in IIT, Kharagpur; NCL, Pune; IMTECH, Chandigarh; UDCT, 
Mumbai and most importantly at IIT, Delhi have been working on new routes of 
ethanol from various biomass material. Efficient microbial strains have been 
identified and are now being genetically manipulated for increased ethanol pro- 
duction. Prototype packages are available which are now being refined for com- 
mercial utilization. Efforts are being made to convert lignocellulosics and other 
various forest residues for maximum utilization. 

In the area of biodiesel a lot of work has also been done by NBRI, Lucknow; 
CSMCRI, Bhavnagar; IISc, Bangalore etc. Here again, the emphasis is on conver- 
sion of oil and hydrocarbon from some important tree species to diesel. 

The DBT has initiated a major mission network programme on “Bioengi- 
neering of Crops for Biofuels & Bioenergy”. The programme envisages fhree col- 
laborative steps. 



2.3.1 

Production and Demonstration 

This involves the production, demonstration and utilization of bioenergy crops, 
to serve as a feedstock for production of bioenergy and biofuels. Demonstration 
is the most important aspect as the success of bioengineering production de- 
pends largely on the supply of the feedstock and its proper utilization. 



2.3.2 

Alternative Sources of Energy/Fuel 

a) Identification of alternative sources such as algae and other aquatic organisms; 
Hydrogen as alternative energy source. 

b) Biofuel production (biodiesel, bioethanol etc.) from biomass and ofher waste 
material. This will have to be clearly linked to a feedstock programme for sup- 
ply of raw material. 



2.3.3 

Bioengineering 

The source material identified would be processed for the production of al- 
ternative sources of energy/fuel. Bioengineering tools would be required for 
the downstream processing of the source material. A viable process will be 
developed for scaling up and pilot production of alternative sources of energy 
involving fermentation technology with the application of identified micro- 
organisms. 



2.4 

Environment 

The area of environmental biotechnology, specially the bioremediation technol- 
ogy has enormous commercial potential. Technology for precombustion bioben- 
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eficiation of coal containing high pyritic sulfur and ash and precombustion 
desulfurization of gaseous fuels and emissions containing hydrogen sulfide with 
concomitant recovery of elemental sulfur has been developed. Another important 
product which is today being scaled-up for commercial production is the crude 
oil and oil sludge degrading bacterial consortia named “OIL ZAPPER”. A two- 
step approach for remediation of crude oil spills has been developed. The process 
includes application of cost efficient adsorbent, alkali-treated sawdust, as the first 
step to recover most of the spilled oil. The second step involves biodegradation 
of remaining oil by using a bacterial consortium for removal of xenobiotics. The 
degradation process is cost-effective and environmentally benign. 

An integrated biotechnological approach (IBA) has been developed for biore- 
mediation of mine spoil dumps. The process leads to the development of sup- 
portive and nutritive rhizosphere in manganese and coal mine spoil dumps 
through appropriate blending of spoil and organic waste(s) for the establishment 
of the plants microflora, and inoculation of plants with specialized culture(s) of 
nitrogen-fixing microorganism. Strains of endomycorrhizal fungi are used for 
profuse root development and stress tolerance in plants. The ecological restora- 
tion technology for revegetation of degraded land has been successfully trans- 
ferred to the industry. Other important technologies which are available for com- 
mercialization are development of biosensor for the detection and estimation of 
organophosphorus pesticide residues in water, process for palm oil mill effluent 
treatment, process for dye industries effluent treatment and its validation as well 
as tannery-based effluent treatment. 



2.5 

Healthcare 

To provide a low-cost, affordable, easy to use health care system through the in- 
puts of biosciences is one of the most challenging goals for the bioscientist in the 
21st Century. A large proportion of the global investment in biotechnology goes 
to the healthcare sector - both human and animal. Biotechnology-based health- 
care products are likely to dominate the market at about 40% of the consumption 
level. Monoclonal and polyclonal antibodies for disease immunodiagnosis, tissue 
typing, clinical assays and research constitute a large proportion of the market. 
The potential of the diagnostic market is very high and is also anticipated to be 
very diverse considering the growing population, the declining status of health, 
the emergence of infection disease etc. 

In India the prospects for investments in the biotechnology-based healthcare 
system are enormous. Biotechnology facilitates the development of a new phase 
in drug production - drug detecting and targeting. The generation of new im- 
proved vaccines through use of recombinant DNA techniques is also of high com- 
mercial importance. We are well poised to meet this challenge. Research efforts 
across the country have succeeded in developing a number of developments of 
improved vaccines including edible vaccine. 

Presently in India, eight units have taken steps to produce r-DNA products 
in the healthcare area. Recently an Indian company had launched an indigenous 
r-hepatitis B vaccine, first ever-r-DNA product. At present globally there are 
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about 35 biotechnology-derived therapeutics and vaccines in use and over 500 
additional drugs and vaccines are in various phases of clinical trials. 

In the diagnostic area, the market is rapidly developing with the introduction 
of easy-to-use, reliable and cost-effective methods of diagnostic devices for de- 
tecting both communicable and non-communicable diseases. Technologies have 
been local as well as imported. Biotechnology has also spurred growth in diag- 
nostics and over 600 biotechnology-based diagnostics are now available in clin- 
ical practice with a value of about US $ 20 billion. Many more are about to enter 
the market, the most prominent among these will be PCR-based diagnostics. In 
India the diagnostic sales are expected to be between Rs.1-2 billion. At present 
we rely on imports for many of the immuno diagnostic kits. 

One of the great areas of promise for the future in healthcare is immunodiag- 
nostics. There are a large number of diseases where the disease itself or predis- 
position to it is wholly or significantly genetic in origin; and there are chronic 
degenerative conditions. But there is also a host of afflictions, particularly in the 
developing countries, whose origin lies in infection or the environment. Tuber- 
culosis is an example of such a disease. These are not often easy to diagnose; and 
invariably demand highly specialized skills and tests that are not easily available 
or are costly. It should be possible to detect through immunodiagnostics, the 
body’s reaction to these externalities that result in disease. Such immunodiag- 
nostics have to be easy to use, reliable and low in cost. It would enable early 
detection and, therefore, more specific and ultimately less expensive treatment. 
Morbidity and mortality that otherwise result from delayed or wrong diagnosis 
can be greatly reduced. Major efforts in this direction would be particularly im- 
portant for developing countries such as India. 

Through the efforts of the DBT, projects have been implemented in the area of 
major infectious and non-infectious diseases, viz., tuberculosis, HIV, malaria, 
leishmania, cholera, dengue, typhoid, cancer and heart diseases. Major empha- 
sis was also given to the generation of projects on oral cancer and clinical appli- 
cations of stem cells. Three diagnostic kits for detection of HIV-I and -II, a ther- 
apeutic vaccine for leprosy, the Leprovac as an immunomodulator and a drug 
delivery system for systemic fungal infections have been transferred to industry. 
Several leads are being pursued in case of hepatitis, malaria and leishmaniasis. 
There is an Indo-US Vaccine Action Programme with very good results. Two he- 
patitis C diagnostic tests and a prototype vaccine for rotaviral diarrhoea have been 
developed and validated. Special projects for development of edible vaccines for 
rabies and cholera are in an advanced stage. An ELISA-based diagnosis system 
has been validated for Japanese encephalitis towards technology transfer. An- 
other diagnosis test system for H. pylori is being validated. Eight test systems for 
diagnosis of dengue, hepatitis and reproductive hormones have been transferred 
to the industries. A number of projects on neurosciences including develop- 
mental neurobiology, aging, neuronal death have been supported. Studies on dis- 
tribution of HIV-I subtypes in the eastern parts of India revealed interesting re- 
sults. Technology for 1 1 diagnostic kits has been developed and validated and 
transferred to industry. In the area of DNA vaccines also very good leads have 
been obtained especially in the area of cholera, rabies and JEV Clinical trials are 
underway. These products will be ready for commercialization very soon. 
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The pharmaceutical industry in India is very strong and vibrant with exper- 
tise for chemical drugs. India is competing well in the bulk drug production mar- 
ket. This is largely due to the more efficient nature of the processes and manu- 
facturing costs. The same expertise and costs can hold true for the biotech 
products even though the pharmaceutical industry has little experience in diag- 
nostics and in biotech therapeutics. The pharmaceutical industry needs to invest 
more in R & D and concentrate on local problems, which have remained un- 
touched by overseas biotechnology industries. It is imperative that optimal ex- 
ploitation is ensured with the availability of indigenous technologies that re- 
quired skilled human resources and the appropriate infrastructure. 

2.5.1 

Human Genetics 

The Human Genome Project ushered in a new era of genomics during 20th Cen- 
tury in the international scenario. The technological developments that have 
taken place since the initiation of this international megaproject have provided 
opportunities for a big leap in the area of human genetics and genome analysis. 
Keeping in view the priorities and also to keep pace with international efforts, the 
department initiated major programmes in the area of human genetics and 
genome analysis during 1990-1991. This was mainly to provide genetic diagno- 
sis and counseling to the families having genetic disorders prevalent in the coun- 
try with the aim to develop new methods for the diagnosis of such disorders and 
to find out the functions of the genomic DNA sequences. Since the inception of 
the human genetics and genome analysis programme, several projects have been 
implemented including genetic diagnosis cum counseling units in different parts 
of the country and also major programmes in the area of functional genomics 
and human genome diversity. 

Sixteen genetic clinics and three major projects were established for provid- 
ing molecular diagnosis and counseling for the common genetic disorders such 
as beta-thalassemia, Duchenne muscular dystrophy (DMD) and others prevalent 
in the country to the affected families. About 16,500 affected families so far have 
benefited from these units for genetic diagnosis including prenatal diagnosis and 
counseling for major genetic disorders. A genomic diversity analysis of the Indian 
population by utilizing genotyping of 8 human specific insertion/deletion for 
polymorphisms in population was carried out. 

Gene therapy offers the potential to correct diseases at the genetic level. There 
are presently about 130 approved gene therapy protocols and some of the pro- 
tocols are being tested clinically. 

In the programme on functional genomics, powerful computational capability 
for handling large-scale human genome sequence data, robotic methodologies for 
genotyping and PCR-based diagnostics for common genetic disorders have been 
developed. As a post-genome initiative, programmes are being taken up on func- 
tional genomics, pharmacogenomics, custom-made drug designing, development 
of molecular diagnosis methods for various infections, genetic disorders and mi- 
crobial genomics with focus on identifying virulence gene and target for drug de- 
velopment. A National Bioethics Gommittee has been set up to take up the issues 
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related to the universal declaration on human genome and human rights, in liaison 
with the International Bioethics Committees of UNESCO, to prepare bioethics pol- 
icy and consider/monitor programmes on “Gene Therapy” research in the country. 



2.6 

Industry 

Biotechnology is one of the most research-intensive industries in the world. The 
first U.S. company, Genentech, established in 1976 had a major impact on the in- 
dustrial revolution and after 20 years, there are more than 1,300 companies in 
USA alone. Market capitalization, the amount of money invested in the U.S. 
biotechnology industry, increased 4 percent in 1998, from $93 billion to $97 bil- 
lion. The first US approved biotechnology product, a monoclonal antibody-based 
diagnostic kit had reached the market in 1981 and the following year the re- 
combinant pharmaceutical Humulin was available to human beings. Just to in- 
dicate the magnitude of the proliferation of the biotechnology companies, in 
1994, in USA, the biotechnology companies had a market value of US $ 41 billion, 
a total R & D expenditure of US $ 7 billion and 103,000 employees. The U.S. 
biotech industry spent $ 9.9 billion on research and development in 1998 and 
US $ 11 billion in 1999. The top five biotech companies spent an average of 
$121,400 per employee on R & D. This compares with an average of $ 30,600 per 
employee for the top pharmaceutical companies. Biotech firms focusing on agri- 
culture employed 22,000 workers and earned US $ 2.3 billion in revenues. Such 
a situation did not exist 20 years ago [3, 5, 6]. 

In India the consumption of biotechnology products increased from Rs. 
71.54 billion in 1997 to Rs. 94 billion in 2000 and the projected demand for 2005 
is around Rs. 145.6 billion. Major recombinant products are therapeutics, mon- 
oclonal antibodies and genetic vaccines. Today in India 13 products are approved. 
The market was Rs. 1.95 billion in 1997, Rs. 4.85 billion in 2000 and is expected 
to grow to Rs. 8.97 billion in 2005 [3, 5-8]. 

The sector represented by industrial products will remain primarily based on 
conventional biotechnology for production although recombinant microbial 
strains are expected to contribute substantially to the production of biocatalysts 
(useful for complex chemical reactions), industrial enzymes, food-grade enzymes, 
production of simple microbial metabolites such as organic acids and amino acids. 
There would be a rise in the production of speciality enzymes and oligonucleotides 
in molecular biology research, speciality materials including speciality plastics for 
specific uses, analytical materials and reagents for diverse uses, and application of 
biological materials in electronic devices. Among the industrial products, new in- 
vestment opportunities are foreseen in industrial enzymes (over Rs. 500 million) 
and in amino acids production where investment of over Rs. 700 million can come 
up to meet not only local needs but to cater to the export needs also. Opportuni- 
ties for investment in these areas are clearly linked with India’s having sizable quan- 
tities of sugarcane molasses, and also other cheap agricultural substrates like var- 
ious grades of starches from tapioca, maize, potato etc.; corn steep liquor (whose 
quality can be improved if adequate demand is created), sugar, pea/peanut/soybean 
meals, and various vegetable oils. In the area of baker’s and brewer’s yeast, oppor- 
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tunities for production of fresh compressed yeast do not presently exist but pro- 
duction of value-added NAD/NADH and speciality enzymes could be explored by 
using the locaUy available compressed yeast. In addition to the above areas of in- 
vestment, there exists reasonable scope for setting up facibties for the recovery of 
value-added products from wastes such as proteins from milk whey, biogas and 
composted fertilizers from municipal or agriculture wastes, better methods for re- 
cycling of organic wastes, production of speciality biochemicals and speciality plas- 
tics that are biodegradable. These opportunities, thoughtfully explored, can provide 
avenues for investment of over Rs. 1 billion in these areas too. 



2.7 

Human Resource Development 

Recognizing the need for developing adequate human resource in the multidisci- 
plinary field of biotechnology and for training personnel for research and indus- 
trial activities, the Department of Biotechnology has been implementing a pro- 
gramme on human resource development. The main focus of this programme has 
been to generate large numbers of highly trained scientists/students. Under this 
programme nearly 60 universities have been covered in almost all regions of the 
coimtry and a great deal of interest has been generated in many state universities 
also. Post-graduate programmes include specialized biotechnology courses in the 
area of agriculture and industrial biotechnology and neurosciences. There has been 
a major thrust in the area of biochemical engineering and biotechnology and this 
initiative was launched in the 1970s by IIT Delhi. With gradually built up facilities 
and excellent students, IIT Delhi drew attention from peers around the world. As 
a result of this the Swiss Federal Institute of Technology, Zurich established acad- 
emic collaboration with IIT Delhi on biochemical engineering. The IIT, Delhi ini- 
tiated a five-year integrated M.Tech. programme on biochemical engineering and 
biotechnology which was later adopted as a model curriculum. 

The success of any bioprocess involving changes in flow patterns and consis- 
tencies of media in bioreactors, absorption and release of heat, variation in cell 
morphology, loss of plasmids and reversion of rDNA cells, protein instability and 
inactivation, release of toxins with target products, cell disruption, a variety of 
purification steps through which the final product must pass to meet regulatory 
requirements, process economics etc., is totally dependent on the nature and 
quality of academic training received by the engineers managing the process. 

To acquire competence in these and related areas the training must impart 
quantitative knowledge in both new biology and chemical engineering science. 
The products of such a training will be engineers capable of solving difficult 
problems in process biotechnology. Selection of students must also be rigorous. 
Because of the lack of growth of the science-based biotechnology industry in In- 
dia such a model was not in demand until early 1960s. Through mutual discus- 
sions between microbiologists (without engineering) and chemical engineers 
(without biology), management of fermentation processes (very few in number) 
could be done, because products were few and well defined and competition was 
even less. In addition PG diploma and post MD/M.Sc training courses are sup- 
ported on a regular basis (Table 3). 



Table 3. Institutions offering DBT supported post-graduate teaching programmes in biotech- 
nology 



Name of the University/Institution (Year of Start) Annual 

intake 



M.Sc. Biotechnology (2 Year Courses) 

1. Jawaharlal Nehru University, New Delhi (1985-1986) 20 

2. Madurai Kamaraj University, Madurai (1985-1986) 20 

3. MS University, Baroda (1985-1986) 20 

4. University of Poona, Pune (1985-1986) 20 

5. Banaras Hindu University, Varanasi (1986-1987) 12 

6. Indian Institute of Technology, Mumbai (1987-1988) 10 

7. Roorkee University, Roorkee (1991-1992) 10 

8. Aligarh Muslim University, Aligarh (1991-1992) 10 

9. Guru Nanak Dev University, Amritsar (1991-1992) 10 

10. Devi Ahilya Viswavidyalaya, Indore (1991-1992) 10 

1 1 . University of Hyderabad, Hyderabad (1991-1992) 10 

12. Himachal Pradesh University, Shimla (1994-1995) 10 

13. University of Calicut, Kerala (1994-1995) 12 

14. BanasthaliVidyapeeth,Banasthali, Rajasthan (1994-1995) (for girls only) 10 

15. Tezpur University, Tezpur (Assam) (1998-1999) 12 

16. Gulbarga University, Gulbarga (Karnataka) (1998-1999) 10 

17. Jammu University, Jammu (1999-2000) 10 

18. Gujarat University, Ahmedabad (1999-2000) 10 

19. Mysore University, Mysore (1999-2000) 10 

20. University of Allahabad, Allahabad (1999-2000) 12 

21. Guru Jambheshwar University, Hisar (2000-2001) 10 

22. University of Kashmir, Srinagar (2000-2001) 10 

23. Kumaun University, Nainital (2000-2001) 10 

24. University of North Bengal, Siliguri (2001-2002) 10 

25. Lucknow University, Lucknow (2002-2003) 10 

M.Sc. Agricultural Biotechnology (2 Years) 

1. Assam Agricultural University, Jorhat (1988-1989) 10 

2. Tamil Nadu Agricultural University, Coimbatore (1988-1989) 15 

3. GB Pant University of Agriculture and Technology, Pantnagar (1988-89) 10 

4. Birsa Agricultural Univ. Ranchi (1999-2000) 12 

5. Himachal Pradesh Krishi Vishvavidhalaya, Palampur (H.P.) (1999-2000) 05 

6. Indira Gandhi Agricultural Univ. Raipur (2000-2001) 10 

7. Marathwada Agricultural University, Parbhani (2000-2001) 10 

Master in Medical Biotechnology (2 Years) 

1. All India Institute of Medical Sciences, New Delhi (1986-1987) 10 

M.Sc. Marine Biotechnology (2 Years) 

1. Goa University, Goa (1988-1989) 10 

M.Sc. Neurosciences (3 Years) 

1. Tata Institute of Fundamental Research, Mumbai (2000-2001) 5 

M.TechZM.Sc.(Tech) Biochemical Engineering and Biotechnology 

1. Indian Institute of Technology, New Delhi (1969-1970) 10 

(Converted into a 5 year integrated course since 1993-1994) 

2. Indian Institute of Technology, Kharagpur (1986-1987) 10 

3. Anna University, Chennai (1991-1992) 15 

4. University Department of Chemical Technology, Mumbai (1993-1994) 15 

Post MD/MS Certificate Course in Medical Biotechnology ( 1 Year) 

1 . All India Institute of Medical Science, New Delhi 4 

2. Post Graduate Institute of Medical Education & Research, Chandigarh 4 

3. Sanjay Gandhi Post Graduate Institute of Medical Sciences, Lucknow 5 

( 2000 - 2001 ) 
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During the last five years more than 2000 students have been trained and have 
been placed for research and training in institutes/industries in the country and 
abroad. There is also a post doctoral research programme being supported. A 
special feature of this human resource development programme is the industrial 
training which is provided to the post M.Sc/M.Tech students. The in-house train- 
ing provided by the industry for a period of six months enhances their career 
opportunities. The DBT also encourages mid-term career scientists from acade- 
mic institutes and scientists and technologists from the industrial R & D labo- 
ratories for training in advanced and emerging research techniques in the field 
of biotechnology. These programmes are supported as short-term training 
courses, national and overseas associateships. 

There is also an emphasis on popularization of biotechnology for which pop- 
ular lectures are supported in different colleges, a number of biotechnology 
publications are brought out for the benefit of the students and, in addition, the 
Department participates widely in exhibitions with the strong emphasis on pop- 
ularization of this programme in the rural sector. As a special incentive for the 
10-1-2 students, 25 biology scholarships are given to the children performing best 
in CBSE and pursuing biology studies. 5 National Bioscience Career Development 
awards are given to scientists below 45 years for their outstanding contribution 
in the field of biotechnology. Three Women Bioscientist awards are also given an- 
nually for the outstanding contribution of female scientists. Biotech process and 
product development and commercialization are also promoted and 5 awards 
given annually. 



2.8 

Bioinformatics 

Informatics is an important factor in the biotechnology revolution. Ranging from 
reference to type culture collections or comparing gene sequences, access to com- 
prehensive up-to-date biological information is crucial in almost every aspect of 
biotechnology. The impact of biological databases has been as great as (say) that 
of cloning and other breakthroughs in laboratory techniques. India was one of 
the first countries in the world to establish a nation-wide Bioinformatics Network 
in 1986-1987 supported by the Department of Biotechnology. Through this ini- 
tiative the R & D activities in biotechnology and molecular biology have achieved 
a significant growth. The navigation through the Biotechnology Information Sys- 
tem Network (BTISnet) has lead to the emergence of very sophisticated scientific 
infrastructure in the country. 

The broad objectives of the Biotechnology Information System programme 
are: 

- To provide a national bioinformation network designed to bridge the inter- 
disciplinary gaps on biotechnology information and establish links among sci- 
entists in organizations involved in R & D and manufacturing activities in the 
country. 

- To build up information resources, prepare databases on biotechnology and to 
develop relevant information handling tools and techniques. 
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- To continuously assess information requirements, organize creation of necessary 
infrastructures and to provide information and computer support services to 
the national community of users working in biotechnology and allied areas. 

- To coordinate efforts to access biotechnology information worldwide includ- 
ing establishing linkages with some of the international resources of biotech- 
nology information (e.g., data banks on genetic materials, published literature, 
patents, and other information of scientific and commercial value). 

- Perform research into advanced methods of computer-based information pro- 
cessing for analyzing the structure and function of biologically important 
molecules. 

- To evolve and implement programmes on education of users and training of 
information scientists responsible for handling of biotechnology information 
and its applications to biotechnology research and development. 

- To promote international collaboration towards exchange of scientific infor- 
mation in biotechnology through the development of appropriate network 
arrangements. 

The network has established a link among scientists in organizations involved in 
research and development activities in biotechnology. The BTISnet today offers 
a single major information resource in the country covering several interdisci- 
plinary areas of biotechnology. The network consist of ten Distributed Informa- 
tion Centers (DICs), Forty-six Sub-Distributed Information Centres (Sub-DICs) 
and a Biotechnology Information Centre (BTIC) which is an apex center for co- 
ordination in bioinformatics. 

Human resource development has been recognized as an important area in 
bioinformatics. Towards meeting the needs for trained bioinformatics profes- 
sionals, long-term courses are being run as part of this network in four reputed 
universities. More than 20 short-term courses are conducted every year to train 
the researchers and scholars in bioinformatics. Six national facilities on interac- 
tive graphics are dedicated to the promotion of molecular modeling and other re- 
lated activities. More than 100 databases on biotechnology have been developed 
by the BTISnet Centres. Several major international databases for application to 
genomics and proteomics have been established in the form of mirror sites as 
part of the bioinformatics programme. These databases are being linked through 
high-speed and large bandwidth as VPN to promote a faster sharing of infor- 
mation. These sites are designed to act as knowledge pathways for discoveries in 
biotechnology. A directory on institutions and industries in S AARC regions has 
been developed and published. 



2.9 

Centers of Excellence 

The Department of Biotechnology has been supporting a large number of cen- 
ters of excellence, facilities and repositories to promote research and develop- 
ment, demonstration, product development and technology transfer activities 
(Table 4). The Government of India, as indicated, has a well structured regulatory 
mechanism in place and this institutional framework has been established to 
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Table 4. Biotech facilities established/supported by the Department of Biotechnology at vari- 
ous research institutions and universities [1] 



A. National Facilities/Repositories 

1. National Facility on Microbial Type Culture Collection, IMTECH, Chandigarh 

2. National Facility on Blue Green Algal collection, lARI, New Delhi 

3. National Facility on Plant Tissue Culture Repository, NBPGR, New Delhi 

4. National Animal House Facility, CDRI, Lucknow 

5. National Animal House Facility, NIN, Hyderabad 

6. National Facility on Biochemical Engineering Research and Process Development, 
IMTECH, Chandigarh 

7. National Facility on Oligonucleotide Synthesis, CBT, Delhi 

8. National Facility for Enzymes and Biochemicals, CBT, Delhi 

9. Three Genetic Engineering Units at JNU, N. Delhi, BHU, Varanasi and IISc., Bangalore 

10. Computational Facility for Oligonucleotides, IISc., Bangalore 

1 1 . Centre for Reproductive Biology & Molecular Endocrinology, IISc., Bangalore 

12. Carbohydrate Cell Surface and Cellular Transport Facility, IISc., Bangalore 

13. Protein-Peptide Sequencing Facility, IISc., Bangalore 

14. National NMR Facility, AIIMS, New Delhi 

15. National Facility for Marine Cyanobacteria, Bharathidasan University, Tiruchirappalli 

16. Antibiotic Development Consortium, HAL, Pune 

17. Repository on Cryopreservation of Blood Cells, IIH, Mumbai 

18. Repository of Filarial Parasites and Reagents, MGIMS, Sevagram 

19. Repository of Medicinal and Aromatic Plant Materials, CIMAP, Lucknow 

20. National Gene Bank for Medicinal and Aromatic Plants, NBPGR, New Delhi 

21. National Gene Bank for Medicinal and Aromatic Plants, CIMAP, Lucknow 

22. National Gene Bank for Medicinal and Aromatic Plants, TBGRI, Thiruvanathapuram 

23. Micropropagation Technology Park, TERI, New Delhi 

24. Micropropagation Technology Park, N CL, Pune 

25. Centre for Genetic Engineering and Strain Manipulation, MKU, Madurai 

26. Automated DNA Sequencing Facility, IISc., Bangalore 

27. Automated DNA Sequencing Facility, UDSC, New Delhi 

28. MALDI-TOF Mass Spectrometer Facility, IICT, Hyderabad 

29. National Facility for X-Ray Crystallography, IISc., Bangalore 

30. National Facility for Transgenic Containment & Quarantine, NBPGR, New Delhi 

3 1 . National Facility for Virus Diagnosis and Quality Control in Tissue Culture raised Plant- 
ing materials, lARI, N. Delhi with five satellite centers at NCL, Pune, TERI, N. Delhi, IHBT, 
Palampur, IIHR, Bangalore and SPIC, Chennai 

32. Gene Bank on Medicinal Plants, IHBT, Palampur 

33. Functional Genomics Facility, CBT, New Delhi 

34. National Facility for Stable Isotope Discrimination and Molecular Marker for WUE at UAS, 
Bangalore 

35. Drosophila Repository & Research Facility, IIT, Kanpur 

36. International Depository Authority, IMTECH, Chandigarh 

37. FACS Facility, CCMB, Hyderabad 

B. Hardening Units 

1 . Jai Narayan Vyas University, Jodhpur 

2. Haryana State Council, Hisar 

3. G.B.Pant Institute of Himalayan Environment & Development, Almora 

4. West Bengal Council of Science & Technology, Kolkata 

5. Regional Research Laboratory, Jammu 

6. Tata Energy Research Institute, Guwahati 

C. Micropropagation Technology Parks 

i) TERI, New Delhi 

ii) NCL, Pune 
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meet the specific requirements especially with regard to the plant, animal and mi- 
crobial systems. 



2.9.1 

Repositories 

The main objective of setting up of the repositories is to promote conserva- 
tion/preservation of living organisms including microbes both useful and harm- 
ful in agriculture, animal husbandry and bioindustries. Some of the major repos- 
itories established for various collections are: 

- National Facility for Marine Cyanobacteria (NFMC) at Bharathidasan Uni- 
versity, Tiruchinapalli surveyed the Little Andaman and added sixty new 
strains to its germplasm collection. 

- The Tissue Culture and Cryopreservation Repository at NBPGR, New Delhi 
has total of 1107 accessions of various priority crops with more than 100 ac- 
cessions of orthodox seed species and difficult to store species in its cryobank. 

- Repository of Medicinal and Aromatic Plants, CIMAP, Lucknow maintains 303 
pure compounds and 461 plant extracts from more than 80 medicinal and aro- 
matic plant species to serve as reference material. 

- Drosophila Repository and Research Facility, Devi Ahilya University, Indore 
has developed an experimental kit for demonstrating principles of genetics in 
schools and colleges. 

- National Centre for Conservation and Utilization of Blue Green Algae (BGA), 
lARI, New Delhi holds more than 800 strains of blue-green algae. 



2.9.2 

Programme Support 

The department has also provided programme support to a number of centers 
of excellence, universities and research institutes for strengthening some of their 
major programmes in the area of biotechnology, especially in basic research, 
technology and product development (Fig. 1). This programme essentially caters 
to the needs of the industry in terms of sophisticated and expensive equipment 
support, expertise and supply of research material. Training of human resource 
for handling and experimentation is also an integral part of this facility. 

Main Institutes/Universities receiving support are: 

- Indian Institute of Science, Bangalore 

- University of Bangalore, Bangalore 

- Rajiv Gandhi Gentre for Biotechnology, Thiruvananthapuram 
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2.10 

Biosafety 



2.10.1 

Regulatory Mechanisms in India 

The new capabilities to manipulate the genetic material present tremendous po- 
tential and find use in many novel experiments and applications. These devel- 
opments have generated a sense of concern among scientists working in biolog- 
ical areas and others to find ways how the research in the field should be carried 
out safely and means to regulate work involving pathogenic microorganisms and 
genes of virulence. Several countries have formulated safety guidelines and reg- 
ulations for research in the field of recombinant DNA, large-scale use of them in 
production process and their applications in the environment. Considering the 
possible incremental risks associated with the use of new techniques in labora- 
tory research with pathogenic microorganisms, the National Biotechnology 
Board issued a set of safety guidelines for India in 1983 to ensure the safety of 
workers in the laboratory environment. While framing the guidelines, the Com- 
mittee took into account the local factors such as resistance to infection (immu- 
nity), host parasite burden in the community, laboratory environment and 
chances of survival and growth of altered organisms under the tropical condi- 
tions. 

Remarkable developments have ensured in the last few years in the field of 
genetic manipulation and the scenario has shifted from the laboratories to the 
market place and elsewhere [3, 6]. In India there is a growing awareness of the 
commercial potential of biotechnology and efforts are being made to promote 
large-scale use of indigenously relevant biotechnologies. A large number of 
research institutions in Government, Universities and private R & D labs have ac- 
tive biotech programmes where research is being done, both in basic and applied 
fronts utilizing microorganisms, plant and animals, tissue culture and cell lines 
and on development of vaccines towards communicable diseases of both men 
and animals. A good deal of effort is being made in the areas of diagnostics, 
biofertilizers, biocides, fertility control, tissue culture of high-value crops to de- 
velop technologies and useful products. The successes in indigenous research ef- 
forts should soon be translated into commercially viable technologies through 
clearing houses with major R & D centers, university academic institutions and 
by the industry itself. 

India has made significant progress towards the development of biosafety reg- 
ulations and an institutionalized framework for their implementation to ensure 
an effective evaluation of transgenic plants before they are given clearance for 
release in the field. Safety guidelines for recombinant DNA research and devel- 
opment in India have been formulated under the environmental protection act, 
1986 by the recombinant DNA Advisory Committee set up by the Department of 
Biotechnology in consultation with experts working in this area and representa- 
tives from different ministries. These guidelines have been extensively circulated 
and are now adopted across the country. These are in conformity with the inter- 
national protocols. 
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The Government of India notified various regulations through a government 
order, the notification No. 1037(E) dated 5. 12. 1989, which was issued by the Min- 
istry of Environment & Eorests under the Environment (Protection) Act, 1986. 
The notification has set the rules for manufacture, use, import, export and stor- 
age of hazardous micro organisms/genetically engineered organism or cells. The 
notification has also set up various levels of committees considering the level of 
risk involved. These committees are Recombinant DNA Advisory Committee 
(RDAC), Institutional Biosafety Committee (IBSC), Review Committee of Genetic 
Manipulation (RCGM), Genetic Engineering Approval Committee (GEAC) and 
State and District level Biotechnology Co-ordination Committees (SBCC and 
DBCC) 

The biosafety protocol holds great significance because it considers interna- 
tional law that regulates genetically modified organisms and also establishes an 
internationally binding framework of a minimum standard. 

The area of transgenic research (plant, animal and human) is associated with 
many ethical issues. In the case of plants it is mainly related to the food crops and 
concerns issues such as food labeling etc. The regulatory mechanisms for this are 
covered under the Eood Safety Issues. Other social and cultural concerns are re- 
lated to the introduction of alien genes into the plant system. The issue of con- 
sumer knowledge and acceptance is very important here. The Government Pol- 
icy is to have a very transparent system in place to keep the consumer totally 
informed. 

2.10.2 

The Recombinant DNA Advisory Committee (RDAC) 

This Committee constituted by the DBT is to monitor the developments in 
biotechnology at national and international levels. The RDAC submits recom- 
mendations from time to time that are suitable for implementation for uphold- 
ing the safety regulations in research and applications of GMOs and products 
thereof. This Committee prepared the Indian Recombinant DNA Biosafety 
Guidelines in 1990, which was adopted by the Government for conducting re- 
search and handling of GMOs in India. 

The regulatory mechanism for the development and evaluation of transgen- 
ics as per the recombinant DNA safety guidelines is based on a three-tier system 
as given below: 

a) Institutional Biosafety Committee (IBSC). This Committee is constituted by 
organizations involved in research with GMOs. The Committee requires the 
approval of the DBT. IBSC is an institutional committee chaired by Head of the 
Institution or his nominee and has members from different disciplines, the 
Biosafety Officer and one member nominated by DBT who oversees the activi- 
ties to ensure that safety aspects in accordance with the safety guidelines are fully 
adhered to by the organization. Every R & D project using GMOs has to have an 
identified investigator who is required to inform the IBSC about the status and 
results of the experiments being conducted. Experiments belonging to Cate- 
gories I and II risks as well as all experiments conducted with GMOs in the con- 
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tained lab, contained green house conditions for plants as well as contained lab, 
caged or enclosed conditions for animals can be approved by the IBSC; however, 
the synopsis of all such experiments is required to be reported to the RCGM in 
the DBT in the form of reports from time to time in a prescribed format. Such in- 
formation along with the progress of research work is also required to be re- 
ported to the RCGM as a mandate at least once in six months. 

The committee’s functions are; 

- To provide half yearly reports on the ongoing projects to RCGM regarding the 
observance of the safety guidelines on accidents, risks and on deviations, if 
any. 

- To review and clear project proposals falling under a restricted category that 
meets the requirements under the guidelines. 

- To tailor a biosafety programme to the level of risk assessment. 

The IBSC is a nodal point for interaction within an institute/university/com- 
mercial organization involved in r-DNA research for the implementation of the 
recombinant DNA guidelines. As such, in the first instance, it is necessary that the 
organizations intending to carry out research activities involving genetic ma- 
nipulation of microorganisms, plants or animals should constitute their IBSC in 
accordance with the procedures in vogue and as informed to the public through 
the above notification. All recombinant research carried out by the organization 
should have a designated Principal Investigator (P.I). It would be the duty of the 
P.I. to appraise the IBSC about the nature of the experiments being carried out. 
Depending upon the category of the experiments the P.I. can inform the IBSC 
about the recombinant experiments, seek permission of IBSC before starting the 
experiments or seek the permission of the RCGM through its IBSC in cases where 
the risks involved in the experiments are considered to be of higher magnitude 
having the potential of polluting/endangering the environment, the biosphere, 
the eco system, animals and human beings. 

b) Review Committee on Genetic Manipulation (RCGM). The RCGM is consti- 
tuted by the DBT to monitor the safety aspects of ongoing research projects 
and activities involving genetically engineered organisms. The RCGM has 
representatives of various ministries and scientists from different disciplines. 
The committee is headed by an eminent biotechnologist and has the following 
functions: 

- To establish procedural guidance manual-procedure for regulatory process 
with respect to activity involving genetically engineered organisms in re- 
search, production and applications related to environmental safety. 

- To review the reports in all approved ongoing research projects involving high 
risk category and controlled field experiments, to ensure that safeguards are 
maintained as per guidelines. 

- To recommend the type of containment facility and the special containment 
conditions to be followed for experimental trials and for certain experiments. 

- For research in recombinant DNA work involving risks categorized as cate- 
gory III and above the permission of the RCGM must be obtained by the RI. 
before conducting the research work. 
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- RCGM can authorize applicants (P.I.s) to conduct limited field trails in multi- 
locations in the country. The design of the trial experiments is either provided 
by the RCGM or it may approve the protocol designed by the RI. 

- RCGM can, if required, direct the applicants to generate toxicity, allergenicity 
and any other relevant data on transgenic materials in appropriate systems. 
RCGM may design or approve a protocol for conducting experiments to seek 
answers to the above. 

The RCGM can put such conditions as would be required to generate long-term en- 
vironmental safety data from the applicants seeking release of transgenic plants 
into the open environment, and who have complied with initial safety evaluation. 

The Committee is mandated to bring out manuals of guidelines specifying 
procedures for regulatory process with respect to activities involving genetically 
engineered organisms in research, use and applications, including industry, with 
a view to ensure environmental safety. All ongoing projects involving a high risk 
category and controlled field experiments shall be reviewed by the RCGM to en- 
sure that adequate precaution and containment conditions are followed. The 
RCGM can lay down procedures restricting or prohibiting production, sale, im- 
portation and use of GMOs. 

RCGM can approve applications for generating research information on trans- 
genic microorganisms. The growth of microorganisms under sterile conditions 
in a fermentation vessel under submerged conditions can be carried out in large 
bioreactors. However, RCGM can approve experiments in bioreactors having a 
geometric volume of up to 20 liters. All experiments for the use of larger biore- 
actors require the approval of the Genetic Engineering Approval Committee 
(GEAC). RCGM puts conditions of contained use of the bioreactors in order to 
prevent the escape of genetically modified microorganisms into the open envi- 
ronment. The procedures for safe handling of microorganisms have been stated 
in the Recombinant DNA Safety Guidelines- 1990. 

RCGM can also approve applications for generating research information on 
transgenic plants. Such information maybe authorized to be generated in con- 
tained green house as well as in small plots. The small experimental field trials 
are limited to a total area of 20 acres in multilocations in one crop season. In one 
location where the experiment is conducted with transgenic plants, the land used 
should not be more than one acre. The design of the trial experiments requires 
the approval of the RCGM. The design of the experimental plot in open envi- 
ronment is made to seek answers to relevant and necessary questions on envi- 
ronmental hazards including risks to animal and human health. Data are re- 
quired to be generated on economic advantages of the transgenics over the 
existing non-toxicity, allergenicity and any other relevant data on transgenic ma- 
terials in appropriate systems. 

Eor generating research information on transgenic animals, RCGM can au- 
thorize the investigator to conduct experiments in the lab as well as in contained 
and enclosed conditions so as to prevent the escape of the transgenic animals into 
the open environment. The experiments are designed to generate information 
about the growth characteristics and the health conditions of the transgenic an- 
imals, using the non-transgenic animals as controls. 



42 



M. Sharma ■ R. Swarup 



The RCGM can issue clearances for import/ export of etiologic agents and vec- 
tors required for producing and cloning genetically modified microorganisms, 
plants and animals. Clearances for import/ export are also provided for transgenic 
microorganisms; transgenic germplasms including transformed calli, seed and 
plant parts, as well as transgenic animals of various kinds for research use only. 
All experiments using GMOs which belong to category III risks and above as 
elaborated in the guidelines require a permit to be issued by the DBT for autho- 
rizing such experiments. All such permits are issued on the basis of the recom- 
mendations of the RCGM. 

According to the Indian classification of risks, the category I risks involve rou- 
tine recombinant DNA experiments in lab and work involving defined 
genes/DNA of microbial, plants or animals origin which are generally considered 
as safe. Category II risks involve lab and contained green house experiments in- 
volving genes or DNA of microbial, plant or animal origin which are non-path- 
ogenic to human, but can have implications on plants and insects. Fermentation 
experiments with GMOs conducted in fermentation vessels up to 20-liter can be 
category II risk experiments, if the transgenic microorganism or cell lines used 
are harmless and non-pathogenic. Such experiments can also belong to cate- 
gory III risks, if the GMOs are coding for toxins or are infective to human and an- 
imals. Other category III risk experiments involve genes/DNA of microbial, plant 
or animal origin, which can cause alterations in the biosphere and not fall in cat- 
egories I and II. All open field experiments of GMOs, howsoever organized, are 
considered to belong to category III risks, although they may be carried out un- 
der reasonably contained conditions by taking all the precautions to prevent the 
escape of GMOs or parts thereof that have propagating traits into the uncon- 
trolled open environment. 

The RCGM has a subcommittee namely Monitoring-cum-Evaluation Com- 
mittee (MEG) to design field experiments and formats for collection and evalu- 
ation of scientific data on plants grown under contained conditions as well as in 
limited field trials. The DBT has set up this inter-ministerial committee to field 
evaluate the transgenic crop trials undertaken by the investigators under the ap- 
proval of RCGM. The committee has also been made responsible for monitoring 
the large-scale field trials on transgenic crops permitted under GEAC. 

c) Genetic Engineering Approval Committee (GEAC). This Committee functions 
as a body in the Ministry of Environment and Eorests and is responsible for 
approval of activities involving large-scale use of GMOs in research, industrial 
production and applications. The clearance of GEAC is only from an environ- 
mental angle under the EPA. All other relevant laws would apply even though EPA 
clearance is available for using GMOs and products thereof. Eor example, drugs 
made through GMOs would require separate approval for manufacture and use 
under the Indian Drugs Act; production of GMOs is also authorized under the 
Indian Industries (Development & Regulation) Act, and, therefore, these clear- 
ances are also mandatory. Large-scale experiments beyond the limits specified 
within the authority of RCGM are authorized by the GEAC only. 

It is an interministerial committee under the Ministry of Environment and 
Eorests and is the competent authority for release of GMOs into the environment. 
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It has members from different ministries and scientists drawn from different dis- 
ciplines. The Ministry of Environment and Forests issues authorization to ap- 
plicants on the basis of approvals accorded by the GEAC. The important func- 
tions of the committee are; 

- Import, export, transport, manufacture, process, selling of any microorganism 
or genetically engineered substances or cells including foodstuffs and addi- 
tives. 

- Discharge of genetically engineered/classified organisms/cells from labora- 
tory, hospitals and related areas into environment. 

- Large-scale use of genetically engineered organisms/classified microorgan- 
isms in industrial production and applications (production shall not be com- 
menced without approval). 

- Deliberate release of genetically engineered organisms. The approval will be 
for a period of 4 years. 



2.10.3 
Bt Cotton 

Cotton is grown on approximately 9 million hectare of land in India, the highest 
in the world, and accounts for about 20% of the world acreage. India stands 3rd 
in the lint production, producing only 3 19 kg/ha lint yield compared to the world 
average of 603 kg/ha. Cotton is highly susceptible to insects and consumes over 
50% of the total insecticides used in the country. India spends nearly Rs. 12 bil- 
lion worth of pesticides for controlling various pests of cotton. Approximately, 
60-70% of the pesticides are used only for control of the dreaded pest namely 
bollworm against the world average of 30%. It is estimated that in India about 
20-30% of the productivity of cotton is lost due to the damage of insect pests. 

Transgenic Bt. cotton is a technology that has been proposed as an alternative 
to overcome the problem of bollworm, reduction in pesticide use and improving 
the environment. 

A gene from the soil borne bacterium Bacillus thuringiensis has been intro- 
duced into the cotton plant. This gene encodes a protein, Cryl A(c) that has spe- 
cific insecticidal properties to control bollworms. This gene was transformed into 
cotton plants by M/s. Monsanto, USA and M/s. Maharashtra Hybrid Seeds Co. Ltd. 
(Mahyco), Mumbai has introduced it into Indian cotton germplasm by traditional 
breeding methods. This transgenic cotton on which cotton pests, namely boll- 
worm, feeds, interferes with the digestive tract of insect and kills it. The new plant 
has no effect on other insects or pests. 

Studies like gene flow, aggressiveness and cross-ability with wild near relatives 
of cotton, conducted with transgenic cotton revealed that the possibility of 
gene flow in nature becomes negligible and therefore there is a least chance of ef- 
fecting the biodiversity and less chances of possibilities of cross-pollination in 
nature. The toxicity and allergenicity studies conducted on birds, fish, mammals 
including ruminants (goats, cows and buffaloes) on Bt. cotton established that it 
is as safe as non-Bt. cotton and has no impact on non-target insects and on 
bioflora. 
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The Bt. cotton hybrids were further characterized for the absence of the Ter- 
minator gene and it was confirmed that these hybrids do not have any termina- 
tor gene sequences. Composition analysis of Bt. cotton showed that it is compa- 
rable with non-Bt. cotton. Contained limited field studies and large-scale field 
studies in farmers’ fields and also in the ICAR system indicated that Bt. cotton 
showed distinct agronomic advantages over non-Bt. cotton. 

The economic benefit of Bt. cotton is estimated to be substantial when compared 
to current practices of cotton cultivation. Significantly higher benefits are expected 
to be derived from the yield savings of the Bt. cotton in addition to savings in the 
cost of pesticides. The farmers are expected to gain 50% to 70% of the economic 
benefits generated from the technology. Small farmers are more likely to adopt this 
technology as they do not have to spray every 3 to 4 days and 20 to 25 times. 

In March 2002, the Genetic Engineering Approval Committee (GEAC) of Min- 
istry of Environment and Eorests examined the data generated on Bt. cotton and 
cleared three Bt. cotton hybrids for commercial cultivation with certain condi- 
tions. This is the first clearance for the commercial cultivation of a transgenic 
crop in India. 



2.10.4 

Public Awareness 

A proper public awareness is very important with respect to the benefits and risks 
associated with the GM technology. There are several factors that can play an im- 
portant role in public acceptance of genetically modified crops. Scientific demon- 
stration of biosafety of transgenic crops and review of Government Agencies are 
extremely important in gaining public acceptance. Public acceptance is also 
greatly determined by the kind of information provided by the media to the gen- 
eral public. Misinformed public debates on key issues related to crop biotech- 
nology can result in erosion of public confidence and can arose mistrust among 
the technology and its developers. Therefore, clear and understandable consumer 
information is a very important part of the public acceptance process. Besides, 
media, research organizations and scientific institutions concerned with crop im- 
provement must also take up the responsibility of bringing awareness to the pub- 
lic about the application of genetic engineering in agriculture, the potential ben- 
efits as well as constraints. 

The DBT has been organizing a number of roving seminars across the coun- 
try. In addition some of the important NGOs and research institutes have also or- 
ganized policy discussion forums, stakeholders dialogues and media debates to 
spread awareness to the public in general. A concerted effort is being made to 
conduct and promote research activities for the benefit of the public in consul- 
tation with them. 

2.11 

Socio-Economic Development 

The developments in applied biotechnology are directed towards economic pro- 
duction of new and conventional biological products for widespread human use. 
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Importantly, biotechnology is aiming at higher yields from agriculture with re- 
duced inputs and to provide affordable diagnostics, pharmaceuticals, vaccines 
and therapies for preventing and curing human diseases. Both these approaches 
will have significant, concomitant impacts on industrial growth. 

Applications of biotechnology will be used to ameliorate the economic con- 
ditions of a sizable fraction of 55% of the Indian families engaged in agriculture, 
presently suffering on account of the recent decline in the competitiveness of In- 
dian agriculture. Careful diversification of cropping patterns will enlarge India’s 
presence in the global markets for value-added agriculture products. Utilization 
of genetically engineered crop varieties will improve farm level economics of 
agriculture. 

There will be gains to all strata from the transfer of healthcare-related biotech- 
nologies to industry engaged in the manufacture of diagnostics, vaccines and 
pharmaceuticals. The costs of many kinds of tests and therapies will be reduced, 
accessibility will be enlarged, exports and reduction in imports of the concerned 
materials will have a positive impact. 

Several biotechnological programmes for the benefit of SC/ST populations, 
women and rural areas have been implemented by the DBT in the areas of 
biopesticides, biofertilizers, vermicompost and vermiculture, sericulture, flori- 
culture, mushroom cultivation and medicinal plant production, poultry and fish 
farming and improvement of human health. Nearly 60,000 families have already 
benefited. Universities, national laboratories, state government institutions, 
BCrishi Vigyan Kendras, NGOs and voluntary organizations implement these pro- 
jects. A biovillage has been established at Mocha Village, Porbandar in Gujarat for 
the extension of technologies which are pro-poor, pro-women and pro-nature at 
the grassroots level. 

A special programme on biotechnology for women is also being implemented. 
The main objective is to provide proven technology packages on plant-tissue cul- 
ture, spirulina and vermicompost production, rabbit rearing, sericulture, aqua- 
culture etc. for the benefit of women. This helps in providing employment and 
income generation. Training programmes are an important component. More 
than 20000 women have benefited so far. 

A Women’s Biotechnology Park has been established in Chennai. It aims to 
provide opportunities to professionally qualified women for setting up self-em- 
ployment ventures using various biotechnologies. The park has twenty industrial 
modules and an equal number of land modules for agro-biotechnology activities. 
The park provides facilities for technology sourcing, training and marketing; 
18 modules are already operational. 

3 

Future Perspective 

Through the efforts of DBT there has been a tremendous impact on society of the 
advances in the front-line areas of research and development in biotechnology. 
The focus has been on basic research, environmental biotechnology, genomics 
and bioinformatics, plant and animal biotechnology, medical and environmen- 
tal biotechnology, human resource development and creation of infrastructure 



46 



M. Sharma ■ R. Swarup 



and centers of excellence. The vision of DBT is “to attain new heights in bio- 
technology research, to shape biotechnology into a premier precision tool of the 
future for creation of wealth and to ensure social justice specially for the welfare 
of the poor” [9]. 

In order to realize the full potential of biotechnology as a front-line area of 
research and development with an overwhelming impact on society, the Indian 
biotechnological enterprises will be systematically nurtured at three distinct 
levels. The focus would be on basic research in modern biotechnology, including 
genomics and bioinformatics, agriculture, plant and animal biotechnology, med- 
ical biotechnology, environment and biodiversity, biofuels, product and process 
development and bioinstrumentation, human resource development, creation 
and strengthening of infrastructure in existing and new institutions, biotech- 
nology for societal development, biosafety, ethical issues and biotechnology-re- 
lated policy issues, conduct of cutting edge research, large scale demonstrations, 
partnership with private and public sector industries for commercialization and 
marketing of bioproducts. 

Sustainable development ensuring food, nutritional, health, environmental 
and livelihood security of the people by harnessing the powers of biotechnology 
should be a dream of the scientific community. Translating these dreams into re- 
ality would give a major impetus to our socio-economic progress. Time-bound, 
mission-mode, result-oriented projects to be taken up include utilization of the 
full potential of the genomics revolution for humankind, plants, animals and mi- 
crobes, development of new vaccines, diagnostics, drugs and drug delivery sys- 
tem, production of a large number of low-cost, affordable small proteins and 
therapeutics using the plants and animals as bioreactors,; to engineer crops with 
enhanced nutritional status, biotic and abiotic resistance and introduce precision 
farming with new quality traits for productivity enhancement, and to develop en- 
vironmentally friendly technology packages for pollution control, biodiversity 
conservation and restoration of damaged ecosystems. Long-term support 
would continue for basic research on all aspects of molecular biology, genetics 
and genomics, proteomics and neurosciences. Well-defined missions to develop 
products, processes and technologies addressing the problems of the nation 
would be launched. 

Research and development, demonstration and commercialization in the 
above areas, and implementation of some selected missions would be the Gov- 
ernment’s endeavor. To integrate the information and biotechnology revolution 
as a single technological and economic force and establish a large number of bi- 
ological data banks would facilitate rapid progress of biotechnology. Transgen- 
ics as an important strategy in agriculture would produce bioengineered crops 
to become a source of enzymes, vaccines, biochemicals, etc., crops with resistance 
to biotic and abiotic stresses such as salinity, drought and water logging, nitro- 
gen fixation in cereals using more efficient microbes and value addition along 
with nutritional enhancement of important edible crops would be a mission. In 
vitro mass propagation of the desired planting material, genetic control through 
identification and manipulation of genes and its implication in the forestry sec- 
tor would help in the rapid regeneration of forests and also result in the enhanced 
production of industrial timber. Development of a large number of diagnostics 
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for major diseases, genetic disorders, cancer, tuberculosis, HIV, malaria, better 
understanding of the human brain from molecular to systems levels to enable 
control and treatment of large number of currently incurable neurological dis- 
orders and development of new generation vaccines including DNA vaccine 
would move fast. Our inherent strength of Ayurveda and traditional systems of 
medicine would be optimally utilized through biotechnological interventions. 
Realizing that the present century would greatly depend on medicines from 
plant-based systems, the development of new molecules, drugs, prospecting for 
new genes and the whole field of pharmacogenomics would be a mission. 

It is becoming increasingly obvious that systems that combine biological and 
chemical molecules on the one hand, and physical devices and electrodes on the 
other, have a huge potential for many applications. 

In order to generate a critical mass of expertise, a strong infrastructure and di- 
rected support, the critical areas for investment over a ten year period have been 
outlined in the Report of the Working Group on Biotechnology for Tenth Five 
Year Plan [10]. 

The vision for biotechnology research, development and commercialization, 
in the next 10 years should thus focus on: 

- Basic Research in New Biology and Biotechnology 

(a) Genomics, 

(b) Bioinformatics, 

(c) Basic biological phenomena with potential application. 

- Agriculture, Plant and Animal Biotechnology 

- Environment and Biodiversity 

- Medical Biotechnology 

- Biofuels 

- Bioprocesses, Product Development, and Bioinstrumentation 

- Human Resource Development 

- Greation and Strengthening of Infrastructure in Existing Institutions and Set- 
ting up New Institutions 

- Biotechnology for Societal Development 

- Biosafety, Ethical and Proprietary Issues. 

4 

Conclusion 

Biotechnology has clearly emerged as a field which targets all segments of soci- 
ety. The unique feature is that the blend of the new and conventional technolo- 
gies has paved the way for an overall socio-economic development of the nation. 
The field of biotechnology offers enormous opportunities for research and 
development to generate excellence and products and processes of relevance for 
human kind. It is going to be one of the most important areas for scientific de- 
velopment in harmony with the environment as we move along in this 21st cen- 
tury. In India, a country rich in biodiversity and where the base of expertise is 
available in nearly all areas of science and technology, biotechnology could flour- 
ish leading to a bioindustrial revolution. However, its continued success depends 
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not only on innovative research and development but also on a favorable regu- 
latory climate and public acceptance. 

The biotech industry is just coming out of its infancy. Its potential is being 
tested, realized and used. The pubbc awareness and acceptance will accelerate the 
process. This sector is expected to expand at least 3-fold by the end of the cen- 
tury and will match or surpass the computer industry in size, importance and 
growth. Indian efforts in utilization of modern biotechnologies are modest. Cur- 
rently, these are being supplemented by private individual entrepreneurs for 
developing appropriate goods and services for local needs as well as for the ex- 
port market. Technologies are also flowing into the country due to the changed 
economic scenario. The country has a pool of skilled human resources, abundant 
agricultural materials, infrastructure and capital. Therefore with the local de- 
velopment of more globally competitive biotechnologies, India could become a 
global player in most of the areas in this emerging field. 

It is clear today that there is a need to move in a focused direction to develop 
what we call a sustainable society - a society which has faith in science and tech- 
nology as an instrument of environmentally friendly social and economic 
change. This sustainable society has to aim at working in partnership with the 
new biotechnologies, so that there is a healthy blend of environmental, social, de- 
velopmental and economic importance. 
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The rhizosphere or the zone of influence around roots harbors a multitude of microorganisms 
that are affected by both abiotic and biotic stresses. Among these are the dominant rhizo- 
bacteria that prefer living in close vicinity to the root or on its surface and play a crucial role 
in soil health and plant growth. Both free-living and symbiotic bacteria are involved in such 
specific ecological niches and help in plant matter degradation, nutrient mobilization and bio- 
control of plant disease. While the rhizosphere as a domain of fierce microbial activity has been 
studied for over a century, the availability of modern tools in microbial ecology has now per- 
mitted the study of microbial communities associated with plant growth and development, in 
situ localization of important forms, as well as the monitoring of introduced bacteria as they 
spread in the soil and root environment. This interest is linked to environmental concerns for 
reduced use of chemicals for disease control as well as an appreciation for utilization of bio- 
logicals and organics in agriculture. 

Indian researchers have studied the diversity of rhizobacteria in a variety of plants, cereals, 
legumes and others along with assessment of their functionality based on the release of en- 
zymes (soil dehydrogenase, phosphatase, nitrogenase, etc.), metabolites (siderophores, anti- 
fungals, HCN, etc.), growth promoters (lAA, ethylene) and as inducers of systemic disease re- 
sistance (ISR). Based on such primary screening protocols, effective rhizobacteria have been 
field tested with success stories from various agroecological zones of the country, as reflected 
in the control of root- and soil-borne diseases, improved soil health and increased crop yields. 
Several commercial formulations, mostly based on dry powder (charcoal, lignite, farmyard ma- 
nure, etc.) have been prepared and field tested, however, problems of appropriate shelf-life and 
cell viability are still to be solved. Also, inherent in such low cost technologies are the problems 
of variability in field performance and successful establishment of introduced inoculants in the 
root zone. In addition, most products available in the market are not properly monitored for 
quality before they reach the farmer. As a consequence, the acceptance of rhizobacterial for- 
mulations in the country is limited. However, several laboratories have now developed proto- 
cols for the rapid characterization of effective isolates based on molecular fingerprinting and 
other similar tools. Also, the use of molecular markers {gus,lux,gfp, etc.) makes it easy to mon- 
itor introduced inoculants in situ in soil and rhizosphere environments. The government ini- 
tiative in integrated nutrient management and pest management systems has provided addi- 
tional incentives to relate rhizobacterial science to other ongoing activities so that the benefit 
of this research leads to technologies that are environmentally and socially acceptable. 

Keywords. Rhizosphere, Rhizobacteria, PGPR, FTP, Growth promotion. Biocontrol, P solubiliz- 
ers, N-fixers, Community dynamics 
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Enzyme Linked Immunosorbent Assay 
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Integrated Pest Management 


IROMPs 


Iron Regulated Outer Membrane Proteins 
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Induced Systemic Resistance 
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IVET 


In vitro Expression Technology 
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Michigan Biotechnology Institute 
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Mycorrhiza Helper Bacteria 


mM 


Millimole 


MRF 


Mussoorie Rock Phosphate 


N 


Nitrogen 


NBRI 


National Botanical Research Institute 


NMR 


Nuclear Magnetic Resonance 


NPR 


Nodulation Promoting Rhizobacteria 


OM 


Organic Matter 
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Outer Membrane Proteins 


P 


Phosphorus 
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Phosphoenolpyruvate Garboxylase 
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Polymerase Ghain Reaction 
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Plant Growth Promoting Rhizobacteria 
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Phloroglucinol 


PHPR 


Plant Health Promoting Rhizobacteria 


PQQ 


Pyrroloquinoline quinone 


PSB 


Phosphorus Solubilizing Bacteria 


PSMs 


Phosphorus Solubilizing Microorganisms 


QS 


Quorum Sensing 


RAPD 


Random Amplified Polymorphic DNA 


RGR 


Relative Ghemotactic Response 


RFLP 


Restriction Fragment Length Polymorphism 


rhi 


Rhizosphere Induced Genes 


SEM 


Scanning Electron Microscopy 


SPIG 


Southern Petrochemical Industrial Gentre 


SSP 


Single Superphosphate 


UPGMA 


Unpaired Group Arithmetic Mean Analysis 


USDA 


United States Department of Agriculture 


VAM 


Vesicular Arbuscular Mycorrhizae 


X-Glc A 


5-Bromo-4-chloro-3-indolyl-^-D-glucoronide 


YIB 


Yield Increasing Bacteria 



1 

Introduction 

The world population will cross the 10 billion mark by 2050. This population in- 
crease will create insurmountable pressure on the existing land area for food, fiber, 
fuel and raw materials. Utilization of improved plant varieties and technological in- 
terventions have been instrumental in meeting the demands of the growing pop- 
ulace in the country. While the consumption of N, P and K increased, the relative 
use of N has been much higher than other nutrients. However, this has had its im- 
pact on the major cropping system, viz., rice-wheat which is the dominant com- 
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ponent (over 70%) of India’s food supply; average yield increases of approximately 
2 percent obtained during 1 960 to 1 990, are no longer being maintained [ 1 ] . In this 
context, soil health and plant productivity both are relevant since it is imperative 
that any such intervention must also be sustainable in the long run. 

When one views the soil health issue, a central role of microorganisms becomes 
evident for the large population present in this habitat and the inherent diversity 
points towards the many roles of the existing communities. It has been realized that 
the intensive cropping of the last decades coupled to high nutrient inputs has not 
been able to cope with the demands of the improved varieties. Consequently there 
has been a greater removal of nutrients than their replenishment. 

While biological inputs have been seen as a viable alternative, there are in- 
herent problems of variability, sustenance and appropriate technologies. How- 
ever, it is known that microbially produced nitrogen through the free living blue- 
green bacteria (BGB), symbiotic with Azolla and heterotrophic bacteria in the 
rhizosphere and soil, coupled to fixation by legumes, can contribute up to 
15-20 lakh tones of nitrogen for crop production in the country [2]. Application 
of such biological inputs also improves the status of soil organic matter, enzymes 
and microbial population which act as indicators of soil health. 

2 

Rhizosphere 

The term “rhizosphere” was originally coined to denote the existence of a relatively 
large microbial population aroimd the roots of especially the legrunes, however, it 
is now freely applied to the zone of influence around plant ro ots in general [ 3 ] . The 
zone of influence of the root harbors an approximately 10- to 100-fold greater mi- 
crobial population, suggesting fierce competition for nutrients as well as the exis- 
tence of species which show a variety of functional diversity and metabolic versa- 
tility [4, 5]. Available data show that about 10 to 12% of the photosynthate is exuded 
out of the roots during the course of growth and development of a plant species. 
The other sources of nutrients include various kinds of secretions, lysates, 
sloughed-off cells, mucigel, polysaccharides and dead biotic components [6]. 
Within the rich nutrient pool, are molecules that work as signals for attraction of 
especially bacteria which live in closer association with the roots than others. 

The rhizosphere itself can be demarcated into (a) endorhizosphere, (b) rhizo- 
plane, and (c) ectorhizosphere. Endorhizosphere refers to the internal root area ex- 
tending generally to the cortical region but which now appears to harbor rather 
large populations of bacteria with varied functions [3]. The differentiation between 
the rhizoplane and rhizosphere/ectorhizosphere is difficult to make because the 
surface of the root and adjoining soil component often appear as a continumn. 



2.1 

Diversity of Free-Living and Symbiotic Bacteria 

The major rhizobacterial genera include species belonging to Acetobacter, 
Arthrobacer, Azospirillum, Azotobacter, Bacillus, Flavobacter, Pseudomonas, Pro- 
teus, Rhizobium, Serratia, Xanthomnonas and others [7]. 
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Table 1. Relative composition of rhizobacterial population of green 
V. glabrescens) [8] 


gram [Vigna radiata and 


Genus 


Bacterial population (%) 






Total 


Rhizosphere + 
Rhizoplane 


Endorhizosphere 


Bacillus 


33 


31 


38 


Enterobacter 


29 


24 


41 


Klebsiella 


2 


1 


5 


Proteus 


3 


1 


3 


Pseudomonas 


28 


36 


11 


Unidentified 


5 


7 


2 



The terms used to denote specific functions of rhizobacteria based on their 
functional attributes include PGPR (plant growth promotory rhizobacteria), NPR 
(nodulation promoting rhizobacteria), EPR (emergence promoting rhizobacte- 
ria), PHPR (plant health promoting rhizobacteria), DRB (deleterious rhizobac- 
teria), DRMO (deleterious rhizosphere microorganisms) andYIB (yield increas- 
ing bacteria). 

Among the dominant bacterial forms in Indian soils and rhizosphere. Bacil- 
lus, Enterobacter and Pseudomonas have usually been recovered [8, 9]. The species 
include Bacillus brevis, B. cereus, B. circulans, B.firmus, B. licheniformis, B. mega- 
terium, B. mesentericus, B. mycoides, B. polymyxa, B. pumilus, B. pulvafaciens, B. 
subtilis; within Pseudomonas these are P. aeruginosa, P. cissicola, P. fluoresens, 
P. pinophilum, P. putida, P putrefaciens, P. stutzeri and P. syringae. These forms are 
additionally associated with strong phosphorus solubilization potential. The rel- 
ative proportions of various genera in rhizosphere and endorhizosphere can vary 
(Table 1). 



2.2 

Endorhizosphere 

The existence of growth promontory bacteria inside the root and shoot tissue has 
attracted considerable attention lately wherein rice is a major plant being stud- 
ied. Rice is grown in India under varied ecological and hydrological situations 
and management practices vary. However, associative nitrogen fixation in the rice 
rhizosphere ecosystem is one of the major components of plant productivity. The 
contribution of associative and free-living microorganisms based on and 
dilution techniques is in the order 10 to 80 kg N ha ' [10]. In addition, the large 
rhizobacterial diversity is responsible for overall nutrient transformations and 
the ensuing growth promoting effects. 

The rice root-soil interface exhibits not only poor aeration but also a low redox 
potential coupled to the existence of both reduced and oxidized zones. This is man- 
ifested in the existence of diverse physiological groups of nitrogen-fixing bacteria 
under the flooded soil ecosystem [ 1 1 ] . In rice, an additional feature of interest is the 
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presence of endophytic bacterial diversity and its capability to fix nitrogen. Some 
of the confirmed endophytes include Azoarcus spp., Herb aspir ilium seropedicae, 
Pseudomonas stutzeri A 15, Rhizobium leguminosarum bv. trifolii and Serratia 
marcescens [12]. Endophytic forms have now been reported in seeds of deep-wa- 
ter rice varieties. Tripathi et al. [13] have reported seven types of Box-PCR finger- 
prints for bacteria recovered from the seeds of Jaisurya or Desaria, a free-living va- 
riety of rice. These were identified as Pantoea agglomerans, Ochrobactrum anthropi, 
Pseudomonas fulva and Psuedomonas boreopolis. A gws-tagged P. agglomerans 
strain could be traced on the root surface, root hairs, root cap, points of lateral root 
emergence, root cortex and the stellar region. Among the diverse diazotrophic en- 
terobacteria of rice, the better characterized forms are Enterobacter clocae, Erwinia 
herbicola/Enterobacter agglomerans {Pantoea agglomerans), Klebsiella planticola, 
K. oxytoca and Serratia marcescens [14]. The relative preponderance of these r- 
strategists is a reflection of the rather large pool of organic carbon aroimd rice roots. 

Kanungo et al. [15] reported that a cultivar BKS-13 with high N-absorption 
efficiency harbored a greater population of Azospirillum, Azotobacter and an- 
aerobic bacteria. However, when 60 kg N ha ' were applied to this cultivar and 
BK-7-275 (low N-absorption efficiency), the rhizospheres of both cultivars de- 
picted a nearly identical population density of nitrogen-fixing bacteria. However, 
methane oxidizers and autotropic ammonium oxidizers remained more crowded 
in the surface and rhizosphere region than in the subsurface soil [16]. 

Currently, groups located at the School of Biotechnology, BHU are carrying out 
active research on rice endophytes. Kumar and others (personal communication) 
have recovered 49 bacterial isolates from rice, 41 endophytes and 8 rhizospheric 
and analyzed them employing functional and molecular tools. Based on ARDRA 
and RAPD, 19 N 2 fixing strains could be placed in 5 groups. Functionally, several 
of these isolates were also efficient P-solubilizers and lAA producers. Gus-tagging 
of strains M36C1 and M36R3 showed active colonization of the root hair surface 
in rice variety Malviya-36. 

Tripathi and coworkers (personal communication) have studied the diversity 
of salt-tolerant bacteria in the rhizosphere of Oryza sativn. Analysis of 14 salt-tol- 
erant (3% NaCl) strains by ARDRA based on Sau5A, Alul and Rsal and RAPD, 
grouped them into 4 clusters which were assigned to Alcaligenes xylosoxidans, 
Ochrobactrum anthropi. Pseudomonas aeruginosa and Serratia marcescens. What 
is intriguing in this diversity is the fact that these four species are potential 
human pathogens that can infect immunocompromised patients. This study, 
therefore, highlights the necessity to consider the possible distribution of path- 
ogenic/potential pathogens within the new found rhizobacterial diversity besides 
their plant growth promontory potential. 

Considering the demand on improved endophytic nitrogen fixation in rice, a 
new approach was attempted by Gopalaswamy et al. [17] wherein the xylem of 
rice {Oryza sativa) was colonized by forced entry of Azorhizobium caulinodans 
in the presence of the flavonoid naringenin without any symptoms of disease. In 
this context, endophytic Acetobacter diazotrophicus is known to penetrate sug- 
arcane roots intercellularly with the resultant colonization of xylem vessels. This 
opens up the possibility to artificially colonize rice roots with potential nitrogen 
fixers in the future. 
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2.3 

Rhizoplane 

Rhizoplane refers to the root surface zone wherein microorganisms can often 
attach themselves employing surface structures such as flagella, fimbriae or 
cell surface polysaccharides. The boundary between rhizoplane and rhizo- 
sphere is very thin and therefore this habitat is largely considered as a continuum. 
Researches carried out by Indian workers refer to all three components as 
separate habitats and together as an assemblage of one or the other component 
[5,18]. 

3 

Beneficial and Deleterious Forms 

A relatively large population of rhizobacteria is dominated by Gram negative 
forms that exhibit various functions. This is attributed to the ability of PGPR 
to release lAA, synthesize ACC deaminase, lower ethylene levels, secrete 
siderophores and antibiosis, release volatiles, form hydrolytic enzymes, solubi- 
lize phosphorus, fix nitrogen and invoke induced systemic resistance [7]. Isolates 
that are capable of performing these functions are termed beneficial. Most re- 
search in this respect has been carried out with fluorescent pseudomonads 
(FLPs) wherein a single isolate can perform more than one function [9, 19, 20]. 
Among the rhizobacterial population is also a fraction of FLPs which is delete- 
rious to plant growth; however, beneficial forms usually keep such populations 
under check in the soil environment. The deleterious action of rhizobacteria is 
a result of HCN production, toxins and lytic enzymes [4, 21, 22]. 



3.1 

Community Dynamics 

The distribution of various bacterial populations in the rhizosphere zone is not 
haphazard since a change in abiotic and/or biotic components results in a con- 
sequent change in the population structure and community profile. However, be- 
fore the advent of in situ molecular tools, such changes were studied based solely 
on culturable populations in selective media but with our present understanding 
of bacterial diversity, it is difficult to interpret the data obtained through routine 
methods. 

In a national network programme initiated by the Department of Bio- 
technology, Government of India on Integrated Nutrient Management, a 
center at Madurai Kamraj University, Madurai has begun studying the dynam- 
ics of FLPs using molecular tools. This group [23] has developed protocols for 
in situ DNA extraction from soil (rhizosphere/non-rhizosphere) followed by 
confirmation of fluorescent Pseudomonas strains in soil based on PGR amplifi- 
cation of the 16S-23S rRNA operon ITS region using the primers ITS-F (5'- 
AAGTCTAAGGATG-3') and ITS-R (5'-GACCATATAACCCCAAG-3').The loss of 
viability of the pseudomonad was inferred after one week from the intensity of 
the band. 
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3.2 

Influence of Plant and Soil Type on Diversity 

Each plant species releases root exudates that differ quantitatively and qualita- 
tively and the rhizosphere population and community structure vary accord- 
ingly. Studies based largely on population diversity and structure in relation to 
plant and soil influences are reviewed by Tilak et al. and Saxena et al. [20, 22]. 

One of the major problem in use of PGPR for reintroduction in soil micro- 
cosms has been strain differentiation based on suitable markers. In general, in- 
trinsic antibiotic resistance has been used but considering the problems associ- 
ated with vertical and horizontal movement of such genes, data generated 
through this approach are not entirely satisfactory. During the last few years, 
SPIC, Chennai, has developed molecular methods for strain differentiation of 
PGPRs [24]. Hopper has used PCR-RFLP analysis for differentiation of rhizo- 
bial strains utilization amplification of the intergeneric region (IGS). Based on the 
digestion of PGR amplified product with Hindlll and Sau3A, cluster analysis 
of the RFLP band pattern of chickpea, soybean, pigeonpea and groundnut und- 
ulating rhizobial strains was carried out. According to Hopper, clusters based on 
UPGMA (unpaired group method of arithmetic mean) permitted observation of 
closeness of strains within rhizobia and helped in differentiating strains at the 
species level. 

To assess the role of seed and root extracts of soybean {Glycine max) in root 
colonization of the rhizoplane (GRPg), endorhizosphere (PEn-4) and rhizosphere 
(PRSg) isolates, the crude material was fractionated through CM-Sephadex C-50 
and DEAE-Sephadex A-50 by Rao and Johri [25]. In addition, synthetic amino 
acids and sugars were used as chemical attractants in a capillary assay to assess 
their relative chemotactic response (RCR). There was greater agglutination of 
the three FLPs in CM-Sepharose (C-50) treated seed and root fractions than 
Sephadex A-50 (A-50) generated fractions. When soybean roots pre-treated with 
these fractions were tested for adherence to bacteria, GRPg and PRS 9 were 
significantly better colonizers of the first 4 cm root portion than PEn-4. These 
isolates showed a differential agglutination reaction towards crude and ion- 
exchanged extracts. Whereas, a reproducible variation in adherence pattern 
could be seen, a significant correlation existed only between adherence and 
agglutination. 

4 

Substrates in the Rhizosphere 

The common sources of nutrients in the rhizosphere are exudates, secretions, 
plant mucilage, mucigel and lysates. Root exudates are a crucial component of the 
rhizosphere micro ecosystem since they are rich sources of a large variety of mol- 
ecules such as sugars, amino acids, organic acids, fatty acids and sterols, growth 
factors, nucleotides, flavonones, enzymes and a range of other miscellaneous 
compounds [6, 26]. A further help to rhizobacteria are the secretions from the 
root cap cells, epidermal cells, and root hairs besides those derived from the mi- 
crobial degradation and modification of the dead epidermal cells. These are not 
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only a source of nutrients but create microsites that permit niche exclusivity to 
rhizobacteria during root colonization and sustenance. 



4.1 

Influence on Dominant Populations 

Among various rhizobacteria studied, FLPs are the most extensively and inten- 
sively examined group globally. Several research groups in India have used them 
in plant growth promotion and biocontrol studies [4, 20, 22]. The reasons are 
clear since FLPs can be recovered from a wide variety of plant rhizospheres, are 
easy to cultivate and a great deal is known about their metabolic and genotypic 
versatility [5, 27, 28]. In addition they can bring about plant growth promotion 
by releasing auxins, lowering the levels of ethylene through the activity of ACC 
deaminase (direct mechanism), chelate iron (siderophore mediated disease sup- 
pression) and release antifungals (antibiosis mediated suppression); the latter are 
examples of indirect mechanisms for improvement of plant health [7, 29]. In ad- 
dition, the last decade has seen the involvement of ISR in FLP-associated plant 
disease suppression [30]. However, until now no clear cut explanation has come 
forth to understand the complexities involved in the interactions of PGPR with 
other microbial communities or about their rhizosphere competence, an attribute 
determining the root colonization process and the sustainability of an inoculant 
[28,29]. 

5 

Root Colonization by Rhizobacteria 

The exploitation of FLPs and other PGPR as inoculants to control plant disease, 
use as biofertilizers, phytostimulants and as co-inoculants for bacteria-plant 
based bioremediation has met with only limited success at field level on account 
of the inconsistency and variability wherein root colonization is the first step of 
establishment in the rhizosphere [4]. Researches in this direction have usually 
been targeted towards long-term survival rather than short-term in situ colo- 
nization. Srivastava et al. [31] have studied root colonization of wheat by FLPs, 
GRP3 and PRSg in non-sterile soil employing culturable method and SEM and re- 
ported that both the strains followed an identical pattern of root and rhizosphere 
colonization; the population level increased during the early root expansion 
phase, reaching a constant level, followed by a decline. For example, on a 
single root, the bacterial density declined from stem base to the root tip. SEM 
studies confirmed abimdant bacterial colonization of the proximal parts of wheat 
root surface. Nautiyal [29] has reviewed other developments including use of 
molecular markers in the study of root colonization. 



5.1 

Competition and Mechanisms 

In a recent study, Rainey [27] has described the genetic complexity of the system 
in Pseudomonas fluorescens employing IVET based on promoter-tapping. He has 
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identified 20 genes that were induced during the rhizosphere colonization and of 
which fourteen were found to be involved in nutrient uptake, stress response or 
secretion processes; the other six did not show homology to the existing 
sequences. Seven of the rhizosphere-induced (rhi) genes showed homology to 
known Pseudomonas genes; of these, one (hrcC) is a component of a type III 
secretion pathway which is not known to exist in saprophytic bacteria. 

Based on the molecular dissection of the rhizosphere, it is apparent that the 
association between FLPs and other rhizobacteria with the plant roots is much 
more complex and intimate than previously perceived. Furthermore, a new de- 
velopment is that whereas antifungal metabolites produced by FLPs influence 
plant health through an indirect mechanism, i.e., elimination of phytopathogens 
in the rhizosphere, the pathogen itself is no longer a moot spectator. Smith et al. 
[32] have reported that in Pseudomonas fluorescens F 113, that protects the roots 
of sugarbeet from Pythium ultimum by producing antifungal metabolites, the 
pathogen possesses the ability to downregulate the expression of genes necessary 
in rhizosphere competence of the PGPR strain. Schnider-Keel et al. [33] have now 
reported and confirmed earlier observations that the toxin, fusaric acid produced 
by Fusarium oxysporum can inhibit Phi production by Pseudomonas fluorescens. 
In addition, rhizosphere competence is a key character since it determines root 
colonization potential, competitive ability and sustenance in the crowded rhi- 
zosphere environment [4,29]. 

6 

Influence of Rhizobacteria on Soil Processes 

Rhizobacteria influence soil processes through nutrient acquisition and release, 
interconversions through enzymatic processes, mobilization and immobilization, 
influencing the physical structure through aggregation and by producing dead 
cell mass. Thus, their influence on soil processes is both direct and indirect with 
consequential effects on plant growth. 



6.1 

Interconversions 

In an interesting study of microbial populations and diversity in Alfisols and Ver- 
tisols subjected to erosion and other soil and crop related factors in Andhra 
Pradesh, Venkateswarlu [34] has found that the microbial population and diver- 
sity decline in the surface layer (0-10 cm) of Alfisols could be correlated with the 
physical and chemical properties whereas those caused by seasonal erosion in 
cropped fields were largely reversible. Fungal population and diversity were more 
severely affected than actinomycetes and bacteria. Among bacteria, the au- 
totrophs, Nitrosomonas and Nitrobacter, showed greater decline compared to 
total heterotrophs. Whereas the decline in microbial population was related to 
reduction in organic carbon, the change in diversity appeared more closely 
related to the humic and non-humic fractions of the organic matter. In low fer- 
tility marginal fields of the Ujhani area in District Badaun, we have found [35] 
that, at the crown root initiation stage in wheat, the FLPs and siderophore-pro- 
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ducing populations in the rhizosphere and rhizoplane were comparable. How- 
ever, phosphate solubilization predominated in low input, high yield fields. 

In a recent study of bacterial diversity of organically grown crops (Jhangora 
and Mandua) of the Central Himalayan region of Choukhutia, Chandra [36] has 
reported a greater population in rhizosphere soil compared to bulk and uncul- 
tivated soils. The population of copiotrophs increased with plant growth but 
those of oligophiles declined. About 16% of a pool of 382 bacterial isolates was 
capable of solubilizing phosphorus and produced siderophores and rhamno- 
lipids. Several of these isolates have now been found to inhibit the damping-off 
pathogen under in vitro assay conditions (Sharma, personal communication). 
Therefore, it appears that the long history of organic agriculture in these fields 
(approx. 100 years) has permitted the indigenous microbial communities to de- 
velop strong interconversion capability for plant matter and competitive abilities 
based on the release of secondary metabolites. 



6.2 

Enzymes 

Enzymes in the rhizosphere and bulk soil have been used as indicators of 
biological activity by several groups associated with the National Network 
Programme on INM of the Department of Biotechnology, Government of India. 
In assessing the role of BGA, VAM, PSB and Azospirillum in a rice-wheat-mung 
bean cropping system, Kaushik [37] has reported a beneficial residual influence 
of biofertilizers on build up of nitrogen and phosphorus; this resulted also in en- 
hanced dehydrogenase activity. In sugarcane-ratoon-wheat rotation, soils became 
biologically active 45 days after plantation followed by a decline [38]. On the 
other hand, in sugarcane-ratoon-mentha rotation, there was continuous fluctu- 
ation in dehydrogenase activity; in contrast, the dehydrogenase level declined in 
sugarcane-ratoon-lentil rotation. Adholeya [39] has examined the influence of 
chemical fertilizers, organic manures (FYM/compost) and biofertilizes in a 
poplar-Eucalyptus agroforestry system intercropped with wheat-pulse rotation 
and has reported that soil dehydrogenase activity and total culturable microbial 
counts were influenced by fertility level and the previous history of microbial 
inoculation. Talukdar [40] has assessed change in dehydrogenase activity to mon- 
itor soil health in rice-legume-rice and rice-rice cropping systems operative in the 
Lower and Central Brahmaputra Valley Zone along with microbial population 
and microbial biomass and has found it to be a good indicator of soil health. Rao 
et al. [41] studied acid and alkaline phosphatase and dehydrogenase after three 
years of crop rotation in an arid soil and found considerable differences in 
enzyme levels (Table 2). 



6.3 

Biomolecules - Community Interactions 

The major molecules that appear to alter the pace of microbial community in- 
teractions which are not associated directly with competition and root colo- 
nization include cell surface polysaccharides. Glycolipids are produced by a va- 
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Table 2. Changes in enzyme status at 0-15 cm soil depth after 3 years of crop rotation in an arid 
soil [41] 



Rotation^* 


Acid phosphatase 
(n Kat 100 g ' 
dry soil) 


Alkaline phosphatase 
(n Kat 100 g ' 
dry soil) 


Dehydrogenase 
(n Kat 100 g ' 
dry soil) 


F-PM-F 


2.42 


6.75 


9.31 


PM-PM-PM 


3.20 


8.99 


10.16 


MB-PM-MB 


3.18 


9.02 


10.63 


CB-PM-CB 


3.63 


9.71 


10.26 


F-MB-MB 


3.80 


9.41 


11.72 


F-CB-CB 


3.97 


9.54 


11.10 


MB-MB-MB 


3.85 


9.63 


13.17 


CB-CB-CB 


4.25 


11.64 


12.60 


LSD (P=0.05) 


0.16 


0.36 


0.45 



“ F- Fallow; PM- Pearl millet - Pennisetum americanum (L.) Leeke; PM-PM-PM; MB (Mung 
bean - Vigna radiata (L.) R. Wilczek); PM-MB; CB (Cluster bean - Cyamopsis tetragonoloba 
(L.) Taubert) - PM-CB; F-MB-MB; F-CB-CB-CB, MB-MB-MB and CB-CB-CB. The cropping sys- 
tem preceding the experiment was pearl millet. 



riety of rhizobacteria including FLPs [42]. Rhamnolipids from FLPs can alter 
membrane permeability of zoosporic forms of Pythium, Phytophthora and 
Plasmopara and thus break completion of an effective life cycle, indirectly influ- 
encing tbeir spread in tbe root environment [43]. In our ongoing studies of 
rbizobacteria, we bave recovered a large population of rbamnolipid producing 
isolates by employing a selective plate assay. Isolate GRP 3 from rbizoplane of soy- 
bean produced rbamnolipids of varying chain length, the major being C 10 -C 12 
(Table 3); the total glycolipid content based on ^^C-NMR is approx. 18% of crude 
exocelllular products (Sharma et al. unpublished). 



Table 3. Glycolipids found in the crude ethyl acetate extract of FLP isolate GRP3 by positive ion 
mode EMI-MS 



Structure 


Mol. mass (M- 1 -H+) 


Relative amount 


Rha-Rha-Cio-Cio 


673 


100 


Rha-CiQ-Cio 


527 


21 


Rha-Rha-Cio-Ci2 


701 


21 


Rha-Rha-Ci2-Cio 


701 


7 


Rha-Rha-Cio-Ci2 


699 


17 


Rha-Rha C 12 -C 10 (with double bond in C^ unit) 


699 


1 
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7 

Rhizobacteria as Growth Promotory and Biocontrol Agents 

The ability of rhizobacteria associated with various plant species to proliferate in 
the crowded rhizosphere milieu requires special metabolic and functional at- 
tributes in order to evolve into “ecologically fit” species. Among the more im- 
portant attributes are, the ability to colonize roots successfully (colonization po- 
tential), sustain competition through release of bioactive molecules, build up 
large populations during the growth stage of a plant and maintain the threshold 
level to meet the demands of a proliferating plant species in soil. Most success- 
ful rhizobacteria, including the dominant FLPs, achieve these objectives by 
releasing one or more of the following groups of chemicals, i.e., siderophores, 
antibiotics, HCN, lAA, polysaccharolytic enzymes, phosphatases and lipopoly- 
saccharides [7]. Coupled to these features is the ability of several PGPR to release 
cytotoxic principles that make them possible pathogenic agents in human dis- 
ease, viz.. Pseudomonas aeruginosa and Serratia marcescens. 



7.1 

Siderophores 

Rhizosphere inhabiting bacteria usually live in microcolonies where the transient 
concentration of available iron can vary greatly from that in bulk soil solution. 
Further influences on the availability of iron are brought about by organic acids 
released by plant roots and the presence of microbial siderophores and phy- 
tosiderophores [44]. Bacteria tend to produce siderophores under iron limiting 
conditions. The dominant rhizobacterial population in most plant rhizospheres 
in Indian soils consists of FLPs that produce pyoverdines [45]. Pyoverdines 
chelate ferric iron in the environment via the hydroxamate and hydroxy acid 
groups present within the peptide moiety of the molecule [46]. Bacterial strains 
possess outer membrane receptor proteins that can transport the ferric iron com- 
plex to the respective cognate pyoverdine into the bacterial cell; iron thus be- 
comes available for metabolic processes [45]. The iron-regulated outer mem- 
brane proteins of various siderophore producing bacteria have been 
characterized (Table 4). 

The genes involved in the biosynthesis of pyoverdines and their functions are 
known (Table 5) [45]. 

Several workers in India have studied the distribution and activity of 
siderophore producing FLPs from the viewpoint of plant disease control since the 
production of pyoverdines scavenges available iron in the rhizosphere and cre- 
ates an environment inimical to the growth of especially phytopathogenic fungi 
[19, 22]. The multitude of siderophores and their specificity with respect to the 
producer strain has permitted “siderotyping” for characterization of pseudomon- 
ads and their monitoring in soil [51]. Early reports of siderophores from growth 
promoting FLPs relate to production under in vitro conditions [52]. In subse- 
quent work from this group, rhizobacteria of chilli, cotton, groundnut and soy- 
bean were found to secrete trihydroxymate type siderophores under iron defi- 
cient conditions [52, 53]. Azospirillum lipoferum M, an isolate from surface 



Rhizobacterial Diversity in India and Its Influence on Soil and Plant Health 



63 



Table 4. 


Iron regulated outer membrane proteins (IROMPs) involved in 


iron siderophore 


uptake 








IROMP 


Gene 


Receptor protein 


Reference 


FpvA 


fpvA 


Ferripyoverdine receptor 


[46] 


FptA 


fptA 


Ferripyochelin receptor 


[47] 


PupA 


pupA 


Pseudobactin 358 receptor 


[48] 


PupB 


pupB 


Pseudobactin BN7 and BN8 receptor 


[49] 


FhuE 


fhuE 


Ferrioxamine E Receptor 


[50] 



Table 5. Genes of P. aeruginosa ATCC 15692 (PAO 1 strain) involved in the biosynthesis of 
pyoverdine [45] 



Pyoverdine bio- 
synthesis genes 


Expected function 


Number of amino 
acid residues 


Size (Da) 


pvcA 


Diaminobutyric acid condensation 


327 


37,019 


pvcB 


Oxygenase 


289 


33,165 


pvcC 


Hydroxylase 


500 


55,812 


pvcD 


Cyt C-related e-transfer 


215 


23,076 


pvdA 


L-Orn-AT^-oxygenase 


426 


47,700 


pvdD 


Peptide synthetase 


2448 


273,000 



Sterilized roots of maize {Zea mays) was found to produce catechol type 
siderophores under iron starved conditions [54]. The active components were 
characterized as salicylic acid, DHBA and 3,5-DHBA conjugated to threonine and 
lysine. Similar siderophore moieties were detected also in culture filtrates of a 
Rhizobium GN 1 isolate, nodulating pea [55]. Two iron repressive OMPs of ap- 
prox. 80 and 70 kDa were detected in iron starved cells; the sid“ mutant was un- 
able to grow in a medium containing synthetic iron chelators unless exogenous 
iron was supplied [56]. Based on colony blot and dot blot hybridization, Pandya 
and Desai [57] have shown that nod (common nod genes), ni/(nz/KDH) and EPS 
(epoxypolysaccharide, P“) determinants reside on the large plasmid. Root exu- 
date components provided a chemotactic response [58]. Saikia and Bezbaruah 
[59] studied siderophore production by Azotohacterc/zroococcum RRLJ 203 and 
found that azotobactin produced in cultures containing Fe, Cu, Ni, Co, Mn and V 
was able to increase seed germination of Cicer arietinum, Phaseolus mungo, Vi- 
gna catjung and Zea mays. The production of siderophore in four fluorescent 
pseudomonads (FPC 32, FPM 14, FPM 22, FPO 4) isolated from the rhizosphere 
of Capsicum spp., Zea mays L., and Oryza sativa L., was influenced by amino 
acids, organic acids and sugars under in vitro growth conditions [60, 61]. Sharma 
[62] had studied the influence of carbon sources and metal ions on siderophore 
biosynthesis in a PGPR isolate GRP3A and found standard succinate medium to 
be superior to others; siderophore production was stimulated by Zn^"^, Cu^"^ and 
Mn^"^ in this bacterium. In a field trial conducted with GRP 3 at Malegaon Farm, 
Sharadnagar, Dist. Pune in 1999 with groundnut, a considerable reduction in iron 
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chlorosis was achieved through seed dressing. The yield in the treated plot was 
16.5 q ha ' compared to 1 1.0 q ha^^ in an untreated control (Johri et al., unpub- 
lished). 



7.2 

Antibiosis 

Many rhizobacteria including FLPs secrete a variety of antifungal molecules un- 
der in vitro and in situ conditions [63]. The diversity in the type of antibiotics is 
rather broad and compounds such as pyrrolnitrin, pyoluteorin, tropolone, py- 
ocyanin, phenazines and 2,4-diacetylphloroglucinol are fully characterized [ 64] ; 
this has helped in the development of suitable probes for detection of antibiotic 
producing strains within the diverse PGPR populations. There are several reports 
of in vitro antagonism of pathogenic fungi and field performance by bacteria 
recovered from the rhizosphere of plants in India [19,22]. 

The rhizosphere and root zone of tea {Camellia sinensis) is a good habitat for 
PGPR strains represented by Bacillus, Proteus and Pseudomonas, inhibitory to 
phytopathogenic fungi in vitro, viz., Fusarium oxysporum f. sp. lycospersici,Fusar- 
ium oxysporum f. sp. ciceri, F. udum, F. solani, F. moniliformae, F. semitectum, 
Fomes lamiensis and Ustulina zonata [65-67]. One of the molecules was ten- 
tatively identified as M,M-dimethyl-2-phenazineamine (G14H13N) [67]. Most iso- 
lates were able to enhance plant growth of tea, pigeon pea, chickpea and maize 
when used as seed bacterization preparations. Bacterization with Bacillus strain 
SR 2 (peanut rhizosphere) reduced chickpea wilt in wilt-sick soil [68]. In a subse- 
quent study, Dileep Kumar [69] utilized a siderophroe producing fluorescent 
Pseudomonas strain RBT 13 (tomato rhizoplane) and antibiotic-producing Bacil- 
lus subtilis strain API (pigeonpea rhizosphere) for bacterization of chickpea seeds 
and assessment of plant growth and spread of wilt caused by Fusarfum oxysporum 
f sp. ciceris. Both the strains were active under in situ conditions, however, influ- 
ence of RBT 13 (Sid"^) but not AF 1 (anf^) could be eliminated by addition of iron. 
Dileep and Dileep Kumar [70] have reported recovery of a Pseudomonas strain 
from the rhizoplane of paddy root that was effective in suppression of collar rot 
disease of peanut caused by Aspergillus niger. Rao et al. [27] examined growth and 
nodulation of lentil {Lens esculentus) in Fusarium infested soil employing five 
(GRP3, GRPs, PRS9, PEn-4, RBPj) FLPs recovered from rhizoplane and rhizo- 
sphere of pea and soybean. In a pot experiment, disease reduction was correlated 
with the population dynamics of the introduced bacterium. Isolates PRSg and 
GRP3 showed strong survival in the rhizosphere and rhizoplane up to 45 d under 
heavy inoculum pressure of the wilt pathogen Fusarium oxysporum f. sp. lini. In 
subsequent work from our group, Tripathi [71] has reported control of anthrac- 
nose of soybean caused by Colletotrichum dematium and sheath blight of maize 
caused by Rhizoctonia solani under in vitro and field conditions by FLPs, GRP3 
(rhizoplane of soybean), PEn-4 (endorhizosphere of pea), PRSi (rhizosphere of 
pea) and WRS24 (rhizosphere of wheat); besides the role of antifungal antibiotics 
and siderophores, involvement of induced systemic response also appears as a 
possible explanation for disease suppression. All ELPs were compatible with the 
commonly used fungicides, bavistin and vitavax (Table 6). 
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Table 6. Compatibility of fluorescent pseudomonad GRP 3 with commonly used fungicides and 
inhibition of phytopathogenic fungi [71] 


Treatment 


% inhibition 








Colletotrichum 


Rhizoctonia 


Sclerotium 




dematium 


solani 


roflsii 


GRP 3 


72.7 


0.0 


59.4 


Bavistin (80 ppm) 


25.4 


22.6 


45.6 


Bavistin + GRP 3 


73.8 


44.8 


61.6 


Vitavax (80 ppm) 


39.4 


51.7 


43.3 


Vitavax+GRP 3 


80.7 


71.9 


83.5 



Pandey et al. [72] have described two strains of Pseudomonas corrugata (1 and 
7) from subtropical and temperate soils in the Sikkim Himalaya that were effec- 
tive in situ against three major pathogens of maize, viz., Pythium ultimum, 
Pythium arrhenomanes and Fusarium graminearum. Fluorescent pseudomonad 
isolate EM 85 and two Bacillus isolates [MR-11(2), MRF] recovered from the 
maize rhizosphere were found by Pal et al. [73] to be strongly antagonistic to- 
wards maize pathogens, Fusarium moniliforme (foot rot and wilt), Fusarium 
graminearum (collar stalk/root rot/wilt) and Macrophomina phaseolina (char- 
coal rot). These isolates were endowed with various growth promotory proper- 
ties (lAA, P-solubilization, nitrogen fixation) besides secretion of antifungals 
(volatile and non-volatile) and siderophores. Under in situ conditions, the two 
bacilli significantly (P=0.05) reduced the charcoal rot of maize; disease caused 
by the two fusaria was effectively checked by isolate MRF and a TnSdacZ mutant 
(M 23) of fluorescent Pseudomonas EM85. Pseudomnonas spp. EM85 was strongly 
inhibitory towards Rhizoctonia solani, the causal agent of damping-off of cotton 
(Table 7, [74] ). Considering its potency towards a variety of soil borne plant path- 
ogenic fungi, the molecular basis of this character was analyzed by Anith et al. 
[75], employing a functional complementation analysis; the mutant was, however, 
unable to produce the antifungal antibiotic and therefore failed to check fungal 
growth [76]. Pal et al. [74] monitored this isolate employing the TnSdacZ mole- 
cular marker. Introduction of this trait into the chromosome of EM85 provided 
antibiotic deficient and over-producing mutants with different antifungal traits; 
in general, deficient mutants (Afu , Sid , Flu , HCN ) built up higher populations 
than the wild type, isogenic and over-producing mutants. The siderophore 
mediated antagonism of rhizoplane isolates of Pseudomonas from chilli, cotton, 
groundnut and soybean against species of Aspergillus, Fusarium, Mucor, Peni- 
cillium, Pythium aphanidermatum, Rhizopus oryzae, Rhizoctonia solani, Scle- 
rotium rolfsii and Sclerospora graminicola was reported by Yeole and Dubey [77]. 

Several new exhaustive and intensive searches for biocontrol PGPRs for spe- 
cific crop pathogens have been undertaken in the country. Kishore et al. [78] 
recovered 150 bacterial strains from the rhizosphere of groundnut from differ- 
ent soils in Andhra Pradesh of which ten inhibited conidial germination of 
Phaeosariopsis personatum (Berk and Curt) V. Arx under in vitro conditions and 
as a spray for leaf; two chitinase-producing. Gram-positive strains in particular 
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Table 7. In situ disease suppression of cotton caused by Rhizoctonia solanii* [74] 


Treatments 


Mean disease rating/plant 
at 14 days after sowing** 


Per cent disease reduction 


Soil control 


0 . 0 '' 


_ 


Pathogen control (P) 


2.97“ 


- 


P-I-EM85 


1.80" 


39.15“'’" 


P- 1 -MI 8 


2.56''" 


20.71""' 


P-I-M58 


1.108 


52.48“ 


P-I-M3 


1 . 68 "f 


39.45“*’" 


P-tM54 


2.69“'’ 


13.21"* 


P-I-M42 


1.35^8 


48.26“*’ 


P-I-M30 


2.24"‘' 


29.08*’""' 


P-I-M55 


2.25'’" 


11.31"* 


P-I-M43 


1.288 


49.00“*’ 


P-I-M23 


1.95"'" 


35.70“*’" 



* Means within the same column and followed by the same letter(s) are not significantly dif- 
ferent at P=0.05 according to Dunnett and Duncan multiple range tests. 

* * Results based on 1 00 plants in each treatment with five replications, having 20 plants in each 
replication. The experiment was repeated twice. 



were very effective. Vasudevan and Gnanamanickam [79] found Pseudomonas 
fluorescens PF 7- 14, a rice rhizosphere isolate, to suppress the leaf and neck blast 
disease of rice by 78 and 82%, respectively. 

Besides suppression of disease through the siderophore-mediated system and 
the release of antifungals, rhizobacteria are now known to act through ISR as well 
wherein a pathogen can be checked away from the place of application. In our 
laboratory (Pathak and Johri, unpublished), isolate GRP3 has been found to in- 
duce systemic resistance in rice against sheath blight caused by Rhizoctonia 
solani; the level of peroxidase and phenolics was higher in the diseased tissue and 
resulted in considerable disease reduction. 



7.3 

ACC 

Among the mechanisms operative in PGPR, Glick [7] has reported stimulation 
of plant growth through the activity of the enzyme AGG deaminase. His group 
has subsequently proposed a model according to which the lAA produced by a 
PGPR bacterium attached to either seed or root surface, is taken up by the plant 
[7]. Depending upon the endogenous level of lAA in plant tissue, two things can 
happen, either cell proliferation and (or) elongation or induction of the enzyme 
AGG synthase. Should the latter event take shape, the level of ACC in plant in- 
creases; some component of ACC, exuded out by plant roots or seeds, is taken up 
by the bacterium while the remainder is cleaved by ACC deaminase to ammonia 
and a-ketobutyrate. ACC is the immediate precursor of ethylene in plants and 
therefore lowering of the level decreases ethylene inhibition of plant seedling, 
resulting in root elongation. 
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Shah et al. [80] have analyzed the genes of ACC deaminase producing PGPR,£n- 
terobacter cloacae CAL 2 and UW 4 and foimd them homologous to three 
Pseudomonas strains (6G5, F17, AGP). Based on Southern hybridization, these 
workers have reported the presence of a single copy of the ACC deaminase gene in 
strains AL 2 and UW but other bacteria may possess different ACC deaminase 
genes. Rhizobacerial diversity reported from India in general has not been exclu- 
sively screened for this property although direct growth promotion has been re- 
ported [20, 74]. In our ongoing work with wheat rhizobacteria (Gaur et al., 
impublished) over 100 isolates were screened for AGC deaminase of which 15 were 
positive. Molecular dissection of ACC genes in these isolates is currently underway. 



7.4 

lAA 

Bacterial biosynthesis of phytohormone, indole-3-acetic acid (lAA) is known in 
many rhizobacteria. It is believed that approximately 80% of rhizosphere bacte- 
ria can secrete lAA [81] and the phytohormone thus produced can help promote 
growth or pathogenesis in plants. Among the first group are included bacteria 
within the genera Azotobacter, Azospirillum, Pseudomonas, Rhizobium, Xan- 
thomonas and others whereas the latter group consists of Agrobacterium rhizo- 
genes, A. tumefaciens and pathovars of Pseudomonas syringae. Several workers in 
India have reported lAA production by rhizobaceria but detailed analysis of this 
characteristic has not been worked out [18]. 



7.5 

Phosphorus Solubilization 

Indian soils are normally deficient in available phosphorus even though the 
bound component may be sufficiently abundant. Therefore, the use of PSM is 
very common. However, immobilization of added P in soils is a serious problem 
[9]. In systems such as banana, up to 90% of P can often be immobilized. For 
example, in the major banana growing area of Jalgaon in Maharashtra (Kothari, 
personal communication) where the soils are calcareous and are irrigated with 
saline groundwater, there is large scale immobilization of phosphate as calcium 
phosphate; in neutral to alkaline pH soils, the solubility goes down to as low as 
0.1%. Application of PSM therefore is a necessity to solubilize immobile P into the 
primary orthophosphate ion (H 2 PO 4 ) available for the plants. 

Rhizobacteria of various kinds can solubilize not only calcium phosphate but 
also rock phosphate, iron phosphate and aluminum phosphate by secretion of or- 
ganic acids. Limited solubilization of organic phosphates by secretion of extra- 
cellular phosphatases is also known [9]. Furthermore, in addition to rhizobacte- 
ria, several fungi such as species of Aspergillus can efficiently solubilize P [82]. 
This is based on the premise that nearly all PSM when multiplied on a simple “C” 
source, produce formic, acetic, lactic, oxalic, succinic, malic, maleic, gluconic, gly- 
colic and 2-ketogluconic acids in the medium [83]. Release of organic acids has 
also been detected in soil, which lowers the pH, resulting in increased microbial 
activity and greater P solubilization. For example, when soil pH decreases from 
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9.0 to 7.0, Ca3(P04)2 forms more soluble entities by chelating Ca^"^ ions. Accord- 
ing to Gaur [84] who has carried out extensive work on P solubilization and field 
application, use of co-inoculants such as Azotobacter, Bacillus and Pseudomonas 
with Mussoorie rock phosphate (MRF) could make P availability equivalent to 
50 kg of P2O5 applied in the form of single superphosphate (SSP). 

Gyaneshwar et al. [83, 85] reported three bacterial isolates from pigeon pea 
{Cajanus cajan) rhizosphere which were able to secrete about 50 mM gluconic 
acid. The bacterial isolate, identified as Enterobacter absureae, was able to solu- 
bilize “P” when grown in the presence of glucose as C source and ammonia 
or nitrate as N source. Gluconic acid secretion in Acinetobacter caloaceticus, Er- 
winia herbicola and Pseudomonas cepacia is dependent on PQQ dependent GDH 
(EC 1.1.99.17). This enzyme is differentially regulated in these bacteria by the “C” 
source. According to these workers, GDH of Enterobacter absuriae is increased 
approximately 5-fold imder P starvation conditions and the increase is dependent 
on protein synthesis. In its activity and function, GDH is similar to type B enzyme 
of Acinetobacter caloaceticus. Confirmation of the role of GDH in P solubilization 
was tested by developing mutants deficient in GDH activity; these failed to release 
phosphate from alkaline soils [86]. In a continuing study of Enterobacter ab- 
sureae,Vyas et al. [87] studied the growth and yield of Vigna radiata (mung bean) 
in pot experiments and under field conditions in Vadodora area. Increased grain 
yield of 155% was obtained by bacterial seed treatment; a commercial PSB prepa- 
ration resulted in 111% increase in grain yield. In a related study, Gyaneshwar et 
al. [88], were successful in cloning the mineral phosphate solubilizing (mps) 
genes from the unicellular cyanobacterium Synechocystis PCC 6803 into E. coli; 
the transformants solubilized rock phosphate. Based on the premise that secre- 
tion of organic acids is sufficient to confer the P-solubilizing property, Srivastava 
et al. [89] attempted metabolic engineering for the development of P-solubiliz- 
ing strains of Pseudomonas fluorescens which is a broad-host range PGPR; to 
achieve this, incorporation of the PPG gene of Anacystis nidulans (Synechococ- 
cus 7942) was carried out. While non-transformed strains secreted low levels of 
organic acids under in vitro conditions or solubilized P in the medium, growth 
of the transformants resulted in a change of pH from 7.0 to below 5.0 with re- 
sultant release of 300-400 pM phosphate in the medium; HPLC analysis showed 
liberation of gluconic and citric acids as the main components. 

Improvement of P solubilization and siderophore production in Pseudomonas 
isolate EM85, recovered from maize rhizosphere, was studied by Pal et al. [74]. 
Transposon mutagenesis resulted in recovery of 8 isolates with improved 
(2-3 fold) phosphate solubilization and release of catechol type siderophore. In 
an extensive screening of over 1000 wheat rhizobacteria from low fertility soils, 
approx. 80% isolates could solubilize phosphorus in the plate assay (Gaur et ah, 
unpublished). 



7.6 

Field Evaluation 

Extensive field evaluation of various rhizobacteria as monoculture and as co-cul- 
tures with rhizobia, phosphobacteria and others has been carried out in India. 
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This work has been extensively reviewed [9, 10, 22]. The salient information is 
presented here. 

Rhizobacteria from green gram [Vigna radiata (L.) Wilczek and Vigna 
glabrescens (n=42)] were recovered from rhizosphere, rhizoplane and endorhi- 
zosphere by Gupta et al. [8,90]. Two isolates when tested in combination with 
Bradyrhizobium spp. (Vigna) strains Cog 15 and S 24 influenced shoot biomass, 
N content and grain yield of the plant. Dileep et al. [91] have reported improved 
growth and yield ofbhindi (Abelmoschus esculentus L.), paddy (Oryza sativa L.) 
and peanut (Arachis hypogea L.) by Pseudomonas FPO 4 and FPC 32 recovered 
from the rhizoplane of paddy and chilli, respectively; both the isolates sustained 
populations of over 10'* cfu for up to 50 d suggesting strong rhizosphere colo- 
nization. Employing two strains belonging to the genus Proteus, Barthakur and 
Bezbaruah [92] found effective colonization of roots of gram (Cicer arietinum), 
bean (Phaseolus radiatus) and mung bean (Phaseolus mungo) with the resultant 
improvement of root and shoot biomass. 

Chickpea (Cicer arietinum L.) is a major pulse crop of India but is severely af- 
fected on account of either the disease or salt since it is cultivated in fairly large 
areas which are salt affected. Saxena and Rewari [93] have reported that the avail- 
ability of Zn^"* at 5 ppm provided protection to the plants under saline conditions 
(salinity level, 4.34 and 8.3 dSm *); the protection was traced to a reduced Na+:K+ 
ratio in shoot biomass. Saxena and Rewari [94] performed a field experiment on 
five chickpea cultivars (Pusa 209, 212, 240, 261, 312) and eight strains of Rhizo- 
bium spp. (G-257-3; GS-24-84; F/75, IC/76, IC 94, KG 31, KG 46, P-114-3) at lARI 
Crop Research Centre in a sandy loam soil (pH 7.5). The yield response was de- 
pendent on the cultivar-Rhizobium spp. interaction. Maximum grain yield 
(660 kg ha ') was obtained with Pusa 240 (cultivar) and F-75 (Rhizobium); three 
other combinations (Pusa240-IC 76; Pusa240-KG 31; Pusa 312-KG 31) were also 
significantly better than control. 

Malik et al. [95] isolated a thermotolerant Gram-positive bacterium from the 
rhizosphere of wheat, Kurthia sp., that could enhance grain yield of rapeseed 
(Brassica campestris v. toria cv. T-9) in a pot experiment. Further improvement 
in yield was possible by the use of a consortium of rhizobacteria comprising 
Klebsiella planticola+Bacillus subtilis and Proteus vulgaris+Bacillus subtilis. 
Kaushik et al. [96] isolated Azosprillium brasilense strains from wheat endorhi- 
zosphere that could grow at sub-optimum temperature. Improved growth of 
wheat cultivars HD 2285 and WH 547 in pot experiments with a 25-27% increase 
in grain yield was observed in HD 2285 with efficient colonization of the en- 
dorhizosphere by two such isolates. 

In view of the fact that rhizobia, in general, tend to be poor competitors, sev- 
eral reports of co-inoculation with rhizobacteria exist in the Indian literature 
[10]. Dileep Kumar et al. [97] studied FLPs recovered from Indian soils and 
strains S 97 and S 510 representing Swedish soils for co-inoculation with three 
strains belonging to Rhizobium leguminosarum biovar. viciae (R 304, R 313, 
R 361-27). Co-inoculation of FLPs and rhizobia improved growth of pea (Pisum 
sativum L. cv. Capella) in terms of root and shoot biomass. 

Pal et al. [98] carried out detailed analysis of plant growth promoting FLPs 
from pea rhizosphere on yield and nutrient uptake of peanut cultivar JL 24 in a 
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Table 8. Effect of PGPR on the growth, yield and nutrient uptake in peanut cultivar GG2 in the 
rainy season of 1999 under field conditions* [98] 



Isolate 


Pod yield 
(kg ha') 


Plant biomass 
(g plant') 


N content of 
shoot (%) 


P content of 
shoot (%) 


Control 


1872 


17.91 


2.155 


0.192 


PGPRl 


2350 


24.48 


2.370 


0.227 


PGPR 2 


2320 


27.28 


2.368 


0.221 


PGPR 3 


2170 


21.48 


2.290 


0.201 


PGPR 4 


2315 


24.48 


2.371 


0.225 


PGPR 5 


2157 


19.06 


2.305 


0.223 


PGPR 6 


2175 


20.94 


2.225 


0.242 


PGPR 7 


2045 


20.55 


2.217 


0.238 


PGPR 8 


1955 


18.48 


2.283 


0.245 


PGPR 9 


1945 


19.52 


2.590 


0.218 


CD (0.05) 


258 


4.72 


0.212 


0.028 



black calcareous soil with normal doses of fertilizers (20 kg N; 40 kg P2O5 ha^^). 
Four isolates (PGPR 1, PGPR 2, PGPR 4, PGPR 9) significantly improved nodule 
number in a pot trial in two consecutive seasons (Table 8). There was a general 
increase of 30 to 60% in plant biomass with all isolates except for PGPR 9. In the 
field trials of two years, higher pod yield was recorded after maturity, i.e., 1 10 d. 
Isolates PGPR 1 and PGPR 2 significantly enhanced plant biomass, nodule dry 
mass and pod yield (20 to 30%) compared to control. There was an increase in 
N content of plants (5-9%) and kernels (6-12%) after field inoculation with, par- 
ticularly, PGPR 1 and PGPR 2. This was also reflected in better solubilization and 
availability of phosphorus to plants. 

In view of the limited availability of phosphorus, considerable field experimen- 
tation has been carried out with PSB. Employing preparations of Arthrobacter 
awamori, Bacillus polymyxa and Pseudomonas striata, Gaind et al. [9] have reported 
improved yields of chickpea, rice, soybean and wheat (Table 9). Since Pseudomonas 
striata is a preferred organism, Singh and Tilak [99] have reported increased P up- 
take and gain yield in a range of crops with this bacterium (Table 10). 

Recent information with non-symbiotic nitrogen fixers shows that the applica- 
tion of Azotobacter and Azospirillum can improve yields of both annual and peren- 
nial grasses (Table 11) [100]. With the current changes and emphasis towards ap- 



Table 9. Effect of phosphorus solubilizing bacteria on grain yield [9] 



Treatment 


Yield (kg ha ') 






Wheat 


Rice 


Soybean 


Chickpea 


Control 


3440 


2490 


1050 


2370 


Pseudomonas striata 


3730 


2540 


1786 


2460 


Bacillus polymyxa 


3660 


2580 


1730 


2920 


Arthrobacter awamori 


3620 


2560 


1724 


2780 
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Table 10. Influence of application of Pseudomonas striata as P solubilizer on performance of 
various crops [99] 


Crop 


% increase in P uptake 


% increase in grain yield 


Green gram 


31.4 


- 


Chickpea 


27.3 


25.0 


Sorghum 


18.3 


12.6 


Sorghum 


20.4 


24.7 


Canola 


13.0 


- 


Rice 


14.9 


8.7 


Chickpea 


30.99 


- 


Rice 


- 


16.7 



Table 1 1 . Effect of non-symbiotic N -fixers on yield of some cultivated non-legume fodder crops 
and range grasses [100] 



Crops Green forage yield (q ha ') 





Control 


Azotobacter 


Azospirillum 


Annual 








Jo war 


412 


470 


455 


Maize 


388 


433 


428 


Oat 


425 


490 


465 


Perennial 








Napier bajra hybrid 


1368 


1460 


1539 


Guinea grass 


792 


855 


905 


Pasture grass (Buffel grass) 


287 


325 


308 



plication of FYM and use of microbial consortia, it is relevant to test the potential- 
ity of new inoculants in combination with various other inputs. Fluorescent 
pseudomonad GRPj was found to perform well with Azotobacter, PSB and FYM in 
a field experiment conducted at agricultural station, Sagar in MP (Table 12). This 
field trial also confirmed the stability of the isolate recovered from the rhizoplane 
of soybean at Pantnagar on a different crop and agroecological zone (Johri et al. 
rmpublished). 



7.7 

Technological Developments 

From the traditional farming systems based on FYM and cow dung, modern agri- 
culture has seen intensification of technological inputs to boost production. 
However, this has been at a cost; from a fertilizer consumption of 69,000 tonnes 
inl951,the level increased to approximately 17 million tonnes in 1998-1999. The 
consumption of technical grade chemical pesticides between 1948-1949 to 
1990-1991 increased from 160 tonnes to 75,000 tonnes, followed by a decline to 
about 49,150 tonnes in 1998-1999 on account of the environmental concerns and 
adoption of IPM strategies [ 101]. Based on the input:output ratio of the nutrients. 
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Table 12 . Influence of fluorescent pseudomonad GRP 3 
ria and organics on wheat yield “ 


as coinoculant with other rhizobacte- 


Treatments 


Mortality (% root rot) 


Tillers/m^ 


Grain yield (q/ha) 


FYM 0-hNo culture 


14.54 


394.0 


32.86 


FYM 5 t-l-No culture 


14.24 


493.3 


34.18 


FYM O- 1 -GRP 3 


0.04 


642.6 


37.72 


FYM 5 t-l-GRPj 


5.46 


736.0 


42.58 


FYM 5 t+ Azotobacter 


14.20 


652.0 


34.94 


FYM 5 t-tPSB 


9.33 


700.0 


35.63 


FYM O- 1 -GRP 3 - 1 -PSB 


5.91 


848.0 


41.19 


FYM 5 tr-GRPj-i-PSB 


6.02 


808.0 


42.58 


FYM 5 t+VSH+Azotobacter 


9.01 


798.6 


37.40 


SEM± 


1.29 


58.89 


2.06 


CD at 5% 


3.78 


172.73 


6.08 



“ Based on a trial conducted at agricultural research station at Sagar, MP (Johri et al. unpub- 
lished). 



Indian soils exhibit a negative balance of about 10 million tonnes of N, P and K. 
Therefore, there is a necessity to apply appropriate management practices, tak- 
ing into account the chemical and biological inputs in an integrated manner. 

The organic carbon status of the soils is low in India whereas phosphorus 
availability is generally medium to low; even potash levels in some areas are lower 
than the plant demand. While average nutrient consumption in the country is 
around 89 kg ha^^, there are many areas where this does not reach even 50 kg and 
in smaller pockets, organics alone provide the necessary nutrient resource to the 
farmers [101]. Use of organics in the form of bioinoculants (biofertilizers, biopes- 
ticides), composts, green manure, crop residues, animal manures etc., has not 
only picked up momentum but organic agriculture is slowly making inroads with 
farmers at large. As per the present estimates, about 650 million tonnes of rural 
compost and 16 million tonnes of urban compost require more effective and in- 
tensive utilization since current efficacy relates to application of only one-third 
of the available product [101]. In addition, biofertilizers are to be given greater 
impetus because there is a tremendous gap in the supply and demand of various 
kinds of products. The total estimated demand for the biofertilizers based on var- 
ious microorganisms is as follows (calculated based on area under different crops 
and the biofertilizer dose [2]): 



Type of biofertilizer 



Requirement (tonnes) 



Azospirillum 4,82,000 

Azotobacter 1,62,610 

Azolla 20,380 

Blue green algae 2,67,720 

Phosphate solubilizers 2,75,500 

Rhizobium 35,730 
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As against the proj ected demand, the pro duction scenario of biofertilizers in var- 
ious sectors in the country is as follows: 


Sector 


Production (tonnes) 


Central Government 


375 


State Agricultural Universities 


245 


State Agricultural Departments 


665 


Agro Industries Corporations 


1,130 


Private Sector 


195 



To achieve the twin objectives of maintaining the quality and integrating the 
bioinoculant use in sustainably managed production systems, the following fac- 
tors require critical appraisal and application to boost their utilization and pro- 
duction [2]. 

- The production sector (Govt./Private) should have adequate R & D infra- 
structure for conservation and characterization of germplasm employing both 
traditional and modern tools. 

- Scale up fermentation facilities and downstream processing infrastructure 
must meet international standards to maintain batch-to -batch quality. 

- Quality assessment should follow use of immunological and DNA finger- 
printing protocols. This should be applied to random samples collected from 
the market. 

- Legal provisions for registration of the product and subsequent marketing sys- 
tem are necessary along with a redressal cell for farmers. 

- Efforts towards improved formulations with greater shelf-life are necessary to 
target larger audiences. 



7.7.1 

Newer Developments: Role ofrDNA Techniques 

The role of recombinant techniques has been appreciated by researchers involved 
in bioinoculant investigations, however, no GMO has been released for biofertil- 
izer and biopesticides on a large scale. The necessity to manipulate likely target 
genes was however felt for some time. Based on a Brainstorming Session in May 
2000 on Transgenic Plant Growth Promoting Rhizobacteria, a National Network 
Programme has recently been initiated by the Department of Biotechnology, 
Government of India on cyanobacteria, Azosprillum, Azotobacter, Pseudomonas 
and other systems to develop more efficient bioinoculants for problem soils and 
other stressed environmental situations (Sinha, personal communication). The 
choice of organisms includes those with growth promotory activities and others 
exhibiting both biofertilizer and biocontrol potentiality, e.g.. Pseudomonas. 
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1J.2 

Manipulation of Genes 

Pseudomonas species have been used as both biofertilizers and biocontrol agents 
since in several isolates the two properties can be found together. Among these, 
mineral phosphate solubilization is a commonly reported trait. Krishnaraj et al. 
[102] used random mutagenesis and Tn5 insertions into the genome of 
Pseudomonas sp. Psd 201 and recovered four MPS and two delayed solubilization 
(MPSd) mutants. Tn5 insertion yielded four Psd 201::Tn5 derivatives that were 
MPS. The pleiotrophy shown by these mutants suggested that lesions may have 
occurred in the regulatory mps loci, resulting in altered expression and solubi- 
lization capacity. 

Saha et al. [103] have described the plasmid borne determinants of colony 
morphology, pigmentation, antibiotic resistance and antibiosis in Pseudomonas 
species antagonistic to bacterial blight of cotton causedby Xanthomonas axono- 
podis pv. malvacearum. Restriction sites on the plasmid were present for BamHl 
and £coRI. Curing resulted in loss of these characters whereas transformation 
with plasmid DNA restored these properties, confirming their plasmid borne na- 
ture. 

7.7.3 

Dissection of Biocontroi System 

The significance of biotechnological developments in plant protection in the 
country was highlighted in a symposium held at BHU in February 2000 [104]. 
Major themes included genetic engineering and plant protection, biochemical 
and molecular approaches to plant defense and biotechnology and biocontrol: 
new options. The discussions by Indian researchers brought to light the necessity 
to employ molecular tools in disease diagnosis, epidemiology and control in- 
volving use of recombinant rhizobacteria such as Bacillus, Pseudomonas and oth- 
ers. Detailed analysis of signal molecules such as PR-proteins was highlighted in 
the context of bacterial, fungal and viral diseases and attempts at integration of 
various practices were suggested. 

While reviewing the status of bacterial blight disease of rice caused by Xan- 
thomonas oryzae pv. oryzae, Gnanamanickam et al. [ 105] have laid considerable 
emphasis on biological control agents, particularly the antagonistic rhizobac- 
teria. Considerable disease suppression was achieved by foliar spray of 
Pseudomonas putida strain V14i, a bacterial strain also effective against the 
sheath blight pathogen, Rhizoctonia solani. The authors have reported a direct 
correlation between the endophytic survival of P. putida in rice tissues and the 
extent of disease suppression. According to these workers, a future scenario in 
biological control must take into account all three major rice pathogens, viz., 
X. oryzae pv. oryzae, Magnoporthe grisea and Rhizoctonia solani. Among these 
pathogens, rice blast caused by M. grisea (anamorph: Pyricularia grisea) has been 
analyzed for genetic diversity, fertility and virulence and a global atlas of M. 
grisea and rice blast database have been prepared [106]. This group and others 
[107] have subsequently analyzed genetic variability in X. oryzae pv. oryzae em- 
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ploying RAPD-PCR and IS 112-based PCR. Based on the use of seven primers, 
simple, specific and reproducible fingerprints were obtained which were helpful 
in differentiating the bacterial isolates. This was also true for primers PJELl and 
PJEL2, a component of insertion sequence IS-1 1 12 based PCR. Availability of such 
rapid tools is a help in proper selection of efficient rhizobacteria against this im- 
portant disease. 



7.7.4 

Btin Control of Plant Disease 

Bacilllus thuringiensis has been used extensively in control of mosquitoes and as 
a source of insect resistance genes in various crops. While this unique bacterium 
has also been studied for control of nematode and soil borne plant diseases, the 
mechanism of such actions is not known. Amer et al. [108] have reported that Bt 
suppressed the growth of Pythium ultimum and Fusarium oxysporum f. sp. 
lycoperisici by lysing the mycelium. Scanning electron microscopy showed polar, 
external attachment of the bacterial cells to hyphae of P. ultimum, resulting in 
deformation and lysis. Cells attached randomly on the hyphae of F. oxysporum f. 
sp. lycopersici at some points but bacterial cells also entered the hyphae and 
caused lysis. Thus, physical attachment/adherence appeared as an essential step 
in control of fungal diseases by Bt. In an alternate approach, Naik and 
Vedamurthy [109] have used red rot {Colletotrichum falcatum Went) toxin in MS 
medium for selection of sugarcane lines {Saccharum officinarum L.) resistant to 
the fungal toxin; growth of var. CoC 671 was completely inhibited at 0.5% toxin 
level in the basal medium. 

Variability in soil fusaria, responsible for severe pathogenicity of plant roots, 
has been difficult to diagnose because of the available morphological character- 
istics. Chakrabarti et al. [110] have, however, described the use of the restriction 
enzyme (FcoRI) based pattern of the nuclear ribosomal DNA (5.8S and 25S re- 
gions) in Fusarium oxysporum f. sp. ciceris to study the existing polymorphism; 
based on molecular analysis, these authors suggested that of the four types of 
races prevalent in India, races 1 and 4 are same. 



7.7.5 

Risk Potential of Biological Agents 

Selection of effective rhizobacterial biocontrol agents is often based on short- 
term in vitro assays followed by field evaluation. In the case of fungal pathogens 
that grow vegetatively through the mycelial phase and reproductive phase com- 
prising asexual and sexual structures, such short-term assessment can become 
counterproductive. In an interesting report of the likely risk potential of Bacil- 
lus subtilis, effective in mycelial inhibition and sclerotium formation in Scle- 
rotium roZ/sh, Prithviraj and Singh [111] found regrowth of hyphae on prolonged 
incubation of 10 to 12 d. This fluffy growth was different from the normal vege- 
tative spread and the thin hyphae produced hymenia with fertile basidia and 
basidiospores. Depletion of sugar in the medium checked the antagonistic ac- 
tivity and formation of sexual structures. The frequency of formation of sexual 
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structures in S. rolfsii by B. subtilis was of the order 20 to 30%, suggesting that this 
biocontrol bacterium had a direct role in the genetic recombination of the 
pathogen which may pose a danger of creating wide genetic variability with 
unpredictable results. Brasier [112] had earlier reported induction of spores in 
Phytophthora infestants by the potential biocontrol agent, Trichoderma viride. 

7.7.6 

Genetic Manipulation of PGPR 

Attempts have been made to improve the performance of rhizobacteria through 
mutation selection and gene cloning strategies. Anith et al. [75] examined the 
molecular basis of antifungal toxin production in Pseudomonas strain EM85 by 
selecting a defective mutant AN 21. Preparation of a genomic library in cosmid 
vector pLAFRl followed by complementation analysis resulted in recovery of a 
cosmid clone pANF 17 which complemented the defective character in mutant 
AN 21. The size of the complementing DNA fragment was 23.5 kb, and its chro- 
mosomal origin was confirmed by Southern blot; sub-clones derived from FcoRI 
fragmentation, however, failed in the complementation test [76]. Extraction of the 
toxin and its in situ detection confirmed the stable nature of the complementing 
cosmid. In continued investigations on mutants of the isolate EM85, Pal et al. [74] 
reported that Sid“ and HCN“ mutants failed to inhibit Rhizoctonia solani under 
in vitro conditions although in the soil microcosm these mutants suppressed 
damping off disease by 52%. This was not possible with mutants deficient in pro- 
duction of fluorescent pigment (Flu ) and antifungal antibiotic (Afa ). The pro- 
liferation of wild type and lacZ marked isolates showed nearly identical prolif- 
eration in the rhizosphere of cotton. Kaushik et al. [113] selected TnSdacZ 
mutants of Azospirillum brasilense that were isogenic to wild type but capable of 
growth at suboptimal temperatures. Mutants MC48 and MA3 fixed nitrogen and 
produced lAA in an isogenic manner to the wild type strains, CDJA and A40. The 
colonization potential of mutants for wheat was adversely affected when they 
were coinoculated with the respective wild type in a ratio of 1:1. 

Sharma et al. [114] have developed a simple method to assess nodule occu- 
pancy of Bradyrhizobium sp., utilizing gusA gene as a marker. A construct of 
broad host range Bradyrhizobium sp., Br9038U (from Cajanus cajan) was pre- 
pared by random Tn5 mutagenesis employing plasmid pCAMlll loaded with 
mini Tn5 containing gusA gene, expressed from a constitutive promoter. This 
strain formed characteristic brown-colored nodules on the host plants, viz., pi- 
geonpea, cluster bean, mung bean and Acacia. The nodule sap (bacteroid sus- 
pension) in GUS assay buffer containing X-Glc A developed a blue color in the 
wells of an ELISA microtitre plate within 2-3 h; such a color change was not de- 
tected in sap from nodules formed by the parent or native strains. Based on this 
technique, the occupancy of GUS marked Bradyrhizobium sp., on pigeonpea, 
cluster bean, mung bean and Acacia was found to vary between 37.1 to 41.2% in 
unsterilized soil. This group [115] has also reported successful characterization 
of nodulation genes in strains of Rhizobium ciceri by Southern hybridization us- 
ing nod genes of R. leguminosarum bv. viciae as probes. In addition, these work- 
ers analyzed the nod region of R. ciceri strain HS-1 using a combination of re- 
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striction enzymes based on which a tentative restriction map of the nod region 
was prepared. 

Garg et al. [116] have described high efficiency transformation of Rhizobium 
leguminosarum by electroporation employing a 15.1 kb plasmid, pMP 154 (Cm’') 
containing nodABC-lacZ fusion. A transformation efficiency of 10® transfor- 
mants pg ' DNA was achieved. The virtue of the system developed by these work- 
ers lies in its wider applicability in contrast to conjugation which, in rhizobia, is 
limited to species with special plasmids carrying a gene transfer function. 



7.7.7 

Monitoring with Moiecular Markers 

Besides assessment of the quality of the bioinoculant product at the production 
center based on molecular fingerprinting and immunological tools, monitoring 
of the introduced biofertilizer and biocontrol agents in the natural environment 
of root, leaf and soil poses problems. The commonly used markers have included 
Lux, LacZ, GusA and XylE, on the basis of which the tagged bacteria could be de- 
tected based on unique colored products after cell growth on specific media. 
However, the gene encoding green fluorescent protein igfp) from jelly fish Ae- 
quorea victoria is currently a preferred biomarker since it does not require any 
substrate or additional cofactor for fluorescence. Saha et al. [ 1 17] have used gfp 
to monitor populations of cowpea Rhizobium sp. transformants recovered from 
root nodules of Dalbergia melanoxylon in low cost carriers such as paddy husk, 
sawdust and groundnut shells. Paddy husk served as a good carrier and the pop- 
ulation structure was comparable with commonly used lignite although the bac- 
terial population declined from 50 d onwards; groundnut and sawdust were rel- 
atively inferior. Rhizobium transformants carrying the reporter gene, gfp, were 
stable up to 154 d. 

LacZ as a stable chromogenic marker was used by Garg et al. [118] to moni- 
tor the colonization of Azospirillum lipoferum IGM-1001 on pearl millet {Pen- 
nisetum americana L.) roots. Microscopic observations showed that Azospirillum 
remained localized on the outer surface of root; cells were not detected intra- or 
intercellularly. In an associated study, Garg et al. [119] screened isolates belong- 
ing to Azospirillum, Herb aspir ilium and Spirillum for production of calcoflor 
binding EPS. Based on Tn5 mutagenesis of A. lipoferum IGM 1001, six EPS mu- 
tants were recovered among a pool of 1800 clones, which failed to fluoresce in the 
presence of calcoflor (Gal ). CaL mutants lost the ability to flocculate, grew poorly 
in a malate medium and produced 67 to 96% less exopolysaccharide. Such mu- 
tants were defective in colonization of pearl millet roots, confirming a direct role 
of EPS in the spread of this isolate on seed (spermosphere) and root. 

Pal et al. [74] employed the Tn5::lacZ marker to monitor the rhizobacterium 
Pseudomonas glumae EM85, an effective biocontrol agent against Rhizoctonia 
solani from cotton. Introduction of lacZ into the chromosome resulted in the de- 
velopment of isogenic, deficient and overproducing mutants for antifungal an- 
tibiotics, siderophore, fluorescent pigment, HGN and other properties selected 
based on the Lac"^ phenotype. Assessment of cotton root colonization revealed 
that mutants deficient in these properties built up higher populations than the 
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wild type. The inactivation or overproduction of antifungals did not impair es- 
tablishment, population dynamics and ecological fitness of P. glumae EM85. 
Sankarasubramanian and Kaushik [120] had introduced gus and lux genes in 
cyanobacteria, Synechocystis sp. and Anabaena cylindricae to assess the stability 
of these markers in soil. Chromosomal integration resulted in higher stability 
compared to plasmid borne characters; the former were stable up to 60 d in soil 
microcosms prepared from a paddy field soil. 



7.7.8 

Future Scenario 

In view of their unique position as bioinoculants, the genus Pseudomonas with 
its PGPR properties and biocontrol action has attracted most attention from not 
only the commercial angle but also from the view point of functional genomics 
[28]. The availability of the complete genome sequence of the genus Pseudo- 
monas is seen as an immense help in these developments. There is considerable 
progress in dissecting the rhizosphere competence genes, role of signal mecha- 
nism in cell density dependent regulation of especially antifungal molecules and 
other secondary metabolites and a host of other developments that should see 
future bioinoculants with greater specificity, less variability, and stability under 
much wider abiotic and biotic conditions. In Ggt, the causal agent for take-all dis- 
ease of wheat, involvement of the antifungal metabolite. Phi is now established 
beyond doubt. In maize [I2I] too, a larger proportion of the root surface 
Pseudomonas population (-15%) harbored Phi genes compared to non-rhizo- 
sphere soil (<0.65%). However, in our analysis of approximately 200 FTP isolates 
from the rhizosphere of wheat based on colony hybridization and a PCR based 
assay, only 6 were positive for Phi (Gaur et ah, unpublished). Whether it is a 
consequence of the absence of Ggt or a result of different soil type, is under 
investigation. In addition to Phi, other molecules involved in biocontrol action in- 
clude pyoluteorin, pyrrolnitrin and phenazines.Neilsen et al. [122] have charac- 
terized a cell-free cyclic lipodepsipeptide, viscosinamide, from Pseudomonas 
which can control Pythium ultimum in soil microcosms. However, it is being ar- 
gued that rhizosphere competence, i.e., competition in the rhizosphere environ- 
ment and root colonization are crucial to the development and sustenance of an 
efficacious bioinoculant. To understand these issues, use of gfp and other biolu- 
minescent techniques has become necessary. In situ monitoring based on GLSM 
has shown the formation of microcolonies on the roots of crop plants [123, 124]. 
In terms of improvement of biocontrol efficacy, greater attention is focused to- 
wards the change in timing of the production of antifungals such as Phi so that 
immediate protection to plants can be provided. Besides modulation of gene ex- 
pression at the transcriptional level, the role for QS, i.e., cell density dependent 
control of gene expression in Pseudomonas aureofaciens and the discovery of N- 
acylhomoserine lactones in Pseudomonas fluorescens F 1 13 have opened up new 
vistas of metabolite production and control [28]. In addition, a second level of 
control for secondary metabolite secretion operates at the post-transcriptional 
level through the global regulators GacS/GacA,the environmental sensor kinase 
and response regulator [ 125]. According to Walsh et al. [28], the following strate- 
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gies based on application of molecular tools are likely to result in improved bio- 
control strains of Pseudomonas. 

1 Modification of post-transcriptional regulation for increased production of 
antifungal metabolites. 

2 Regulation of antifungal metabolite biosynthetic genes based on exudates and 
rhizosphere inducible promoters. 

3 Improvement of rhizosphere competence by introduction of additional genes 
involved in plant root colonization. 

4 Introduction of gene clusters for production of additional fungal metabolites. 

5 Modification of gene dosage of antifungal biosynthetic genes to further im- 
prove the levels of antifungal metabolites. 

6 Development of consortia of microbial inoculants for increased and broad 
spectrum antifungal action. 

These molecular approaches are likely to yield isolates with more efficient anti- 
fungal action, better root colonization and sustenance in the rhizosphere. The 
distinction between biofertilizer and biocontrol action is slowly falling apart 
since many rhizobacteria exhibit both properties. There are now instances where 
microorganisms such as rhizobia show good biocontrol action in addition to 
nitrogen fixation under symbiotic conditions. The future emphasis shall see 
reprogramming of the relation of genes at both transcriptional and post-tran- 
scriptional levels in order to achieve greater and better coordination of the pro- 
duction of antifungals involved in disease control so that improved plant health 
is achieved through targeted inoculants. 

8 

Interactions of Rhizobacteria with other Microorganisms 

Rhizobacteria and other microorganisms occupy the rhizosphere through com- 
petition and interactions that have far reaching influence on the stability and sus- 
tenance of not only the indigenous useful forms but also have a direct bearing on 
the introduced inoculants. 

Interactive studies involving the use of Azotobacter, Azospirillum and phos- 
phate solubilizers show that the free-living bacteria usually maintain the com- 
bined beneficial influence which is reflected in improved plant biomass and pro- 
ductivity [ 10]. Two other major systems of interest, viz., nitrogen-fixing rhizobia 
and phosphorous mobilizing AM, have been studied in detail. Saxena and Tilak 
[10] have summarized the findings of Indian researchers in the context of AM 
fungi and agriculturally beneficial soil microorganisms that take into account the 
rhizobacteria. A general conclusion is that the synergistic behavior of Azospiril- 
lum, Azotobacter, Acetobacter diazotorophicus and rhizobia result in improved 
plant productivity in the presence/absence of other inorganic/organic inputs. 
There are reports that show a positive and rather close association of rhizobac- 
teria with AM fungi that help fungal spread and colonization, the so-called MHB. 
The advantage of introducing a rhizobacterium, which is also MHB, takes care of 
several associated beneficial properties that are linked to the fungal symbiont, 
viz., stress tolerance, P-mobilization, metal tolerance etc. 
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9 

Future of Rhizobacteria as New Inoculant 

The future of rhizobacteria as emerging inoculants is dependent on appropriate 
shelf-life, quality products and predictable field performance. 



9.1 

Problems of Shelf-Life and Field Performance 

Considerable effort in the country has been made by various groups to search for 
new and more effective PGPRs employing the routine approach of dilution plat- 
ing of rhizosphere soil and/or root macerates on to general/selective media, fol- 
lowed by functional analysis as under (Fig. 1). 

The above approach for selection of PGPRs including FLPs has met with success 
and a fairly large gene pool of effective bacteria is available in the country. However, 
except for a few groups, these selections are usually based on screening of rather 
small gene pools whereby there is every likelihood of missing out on bacteria with 
the most desired traits. Nautiyal [29] has focused on the utility of a raw soil-based 
assay for screening of a large gene pool of native rhizobacteria with effective root 
colonization potential. Subsequent potentiality is assessed through a two-stage, 
plant-based microcosm assay. This group working at NBRI has been successful in 
the transfer of the sand-live soil assay method based technology to MBI Interna- 
tional, USA and to Dhampur Sugar Mills in UP. Thus, more concerted efforts are 
necessary in future to develop a new inoculant for sustainable soil and plant health. 



9.2 

Acceptability by the End User 

Research on PGPR in India and elsewhere has not met with a great deal of success 
on the technological and product formulation front. This is related to not only the 
inherent variability of PGPR and inconsistencies associated with the influence of 
plant and soil type on its performance but also the lack of acceptable products in 
the market and the associated quality assurance. According to the information 
available on the USDA Web Site [28], no more than ten Pseudomonas-based com- 
mercial products are available on accoimt of inconsistent field behavior. Among the 
more widely available commercial formulations, use of dry powdered products has 
been preferred globally on account of ease in transport. Most formulations in In- 
dia are dry charcoal, lignite-based preparations. However, this leads to drying of 
cells and consequent loss of cell number and quality on storage. Therefore, there 
is an urgent need to develop alternate formulations and inoculant delivery systems 
which provide better nutrient environment with appropriate moisture availability 
for not only cell proliferation but also for release of desired secondary metabolites. 
This could mean applying some form of amendments to already available prepa- 
rations. Several researchers in India have utilized FYM along with charcoal or sim- 
ilar inert carrier material for this purpose. 
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Fig. 1 . Approach for selection of PGPRs including FLPs 
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9.3 

Influence on Non-Target Organisms 

The assessment of PGPR-based preparations on non-target organisms is an area 
where little, if any, work has been done by Indian researchers. The reasons are 
three fold - firstly, that many PGPR preparations tested in India have been used 
for plant growth promotion activity, presuming that the biocontrol action is not 
inherent in such an exercise; secondly, that a biofertilizer is not required to be 
registered on the lines of pesticides/insecticides; thirdly, the guidelines issued 
by the government for safety assessment of genetically modified organisms 
(GMOs) do not apply to naturally developed strains. However, in doing so, a point 
has been left out that many PGPR, such as FLPs and others including bacilli, 
exhibit several properties in one strain and therefore what is being considered as 
growth promotory, is also endowed with antifungal metabolites, siderophores, 
HGN or lytic enzymes. Since sufficiently large bacterial populations are released 
in the root zone through seed coating and root dipping protocols, the levels of 
such molecules could be considerable to hit the non-target organisms. Further- 
more, most plants harbor the natural symbiont, AM, as a beneficial partner in this 
ecosystem which could be a target of the antifungals released by PGPR. During 
the last few years Barea and his group in Spain have made this assessment for not 
only Pseudomonas but also with Azospirillum and Trichoderma [126, 127]. They 
have concluded that the preparations tested did not influence AM symbiosis. 
However, there could be some influence of the antifungals on the culturable fun- 
gal population [128]; interestingly this influence was not as large as that noted 
with repeated growth of cucumber in the same soil. Considering the fact that cul- 
turable methods reveal no more than 1 to 5% of the existing microbial diversity, 
Lottman et al. [129] used a culture-independent approach, viz., DGGE to assess 
the effect of inoculation of transgenic potatoes with a P. putida strain and con- 
cluded that the age of the plant was mainly responsible for the change in the com- 
munity structure and not the bacterial inoculant. These new reports are a 
reflection of our growing concern for critical assessment of both abiotic and 
biotic processes in the rhizosphere before releasing a new rhizobacterial inocu- 
lant. Luckily, the use of newer tools of microbial community analysis and soil 
processes based on enzymes permit the choice of appropriate markers that can 
be used with ease and could be coupled to application of in vitro methodologies 
to monitor in-house the localization in the root zone before releasing an inocu- 
lant for large-scale field trials and commercialization. The time has come when 
any new process/product shall have to meet the global standards and therefore 
it would be appropriate to search for an industrial partner when an initiative on 
PGPR research is taken up as a long-term goal. 



9.4 

Community Analysis, Population Dynamics and Integrated Management 

Until now, most rhizobacterial research in the country has revolved around the 
recovery of rhizobacteria from various plant rhizospheres and their subsequent 
evaluation for plant growth promotion and soil processes. In doing so, it is diffi- 
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Table 13. DBT supported INM initiative operated in the country (1999-2002) 


S.No. 


Institution/PI 


Cropping system/ 
organisms 


Major work 


A 


Molecular markers, fingerprinting and monitoring 






SPIC, Chennai 


Acetobacter, Azospirillum, 


DNA fingerprinting. 




(Dr. W. Hopper) 


Bradyrhizohium, Rhizo- 
bium, phosphobacteria 


tagging and monitoring 




Madurai Kamraj 


Fluorescent 


DNA fingerprinting. 




University, Madurai 
(Dr. S. Gunasekaran) 


pseudomonads 


tagging and in situ analysis 


B 


On-farm evaluation/validation-cum-demonstration 






trials of biofertilizer use 


in rice/rice system 






Vivekananda Institute 


Rice 


Azolla and Blue Green Algae, 




of Biotechnology, 




Azospirillum and 




Nimpith, West Bengal 




Azotobacter 




(Dr. S.K. Das) 


Legume 


Rhizobium 




MS Swaminathan 


Rice 


Azospirillum+PSB 




Research Foundation, 
Pondicherry, TN 
(Dr. H. D. Subashini) 


Groundnut 


Rhizobium 




Council of Science & 


Rice 


Blue Green Algae 




Technology, Lucknow 


Wheat 


Azosprillium+VSB 




(Dr. C. P. Dwivedi) 


Soybean 


Bradyrhizohium 


C 


Soil nutrient dynamics, microbial dynamics, yield with biofertilizers for main and 
intercrops employing complementation/supplementation/substitution of chemical 




fertilizers 








Indian Agricultural 


Rice 


Azolla+Bhie Green Algae 




Research Institute, 


Wheat 


Azolla., Az & PSB 




New Delhi 
(Dr. B. D.Kaushik, 
Dr. Anil Saxena, 
Dr. Sunil Pabbi) 


Mung bean 


Bradyrhizohium and PSB 




P. D. Krishi Vishwavi- 


Pearl millet/Chickpea 


PSB-tOrganic matter-tAz 




dyalya, Akola, 
Maharashtra 


Mungbean/ wheat 


RSB+Rhizobium+OM 




(Dr. S. R. Potdukhe) 
Rajasthan Agricultural 


Sorghum 


Az-tPSB-l-VAM-l-OM 




University, Udaipur 


Chickpea 


Bradyrhizobium+PSB+ 




(Dr. S. C. Bhandari) 


Winter maize 


VAM-tOM 

Az & PSB-tVAM-l-OM 




Tata Energy Research 


Wheat-Mungbean in 


Rhizobium+MAM 




Institute, New Delhi 
(Dr. Alok Adholeya) 


Poplar system 






G. B. Pant University 


Sugarcane-based 


Az+Azosprillium+ 




of Agriculture and 
Technology, Pantnagar 
(Dr. B. N. Johri) 


cropping system 


Pseudomonas+OM 
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Table 13 (continued) 



S. No. Institution/PI Cropping system/ Major work 

organisms 



D Selection, characterization and evaluation of biofertilizer strains and validation in 
nursery and field 

Bhavnagar University, Arid salinity prone Phosphorus solubilizers 

Bhavnagar, Gujarat ecosystem 

(Dr. H. H. Patel) 

Assam Agricultural Rice-Legume (Phaseolus) Azospirillum- Rhizobium 

University, Jorhat 
(Dr. N. C. Talukdar) 

E Selection of sugarcane genotypes for high BF response 

Indian Institute of Sugarcane Native and constructed 

Sugarcane Research, strains of Acetobacter 

Lucknow diazotrophicus 

(Dr. Archana Suman) 

F Rhizospheric and endophytic diazotrophs and their role in N, P, Fe nutrition 

Banaras Hindu Rice Characterization of 

University endophytes, fingerprinting 

(Dr. Ashok Kumar) and efficiency 



Source: Department of Biotechnology, GOI (Sinha, Personal communication). 



cult to assess their in situ role in overall microbial community dynamics and nu- 
trient dynamics. To bridge this gap, the Department of Biotechnology, Govern- 
ment of India had initiated a National Network Programme in 1999 on the Role 
of Biofertilizers in Integrated Nutrient Management - A Biotechnological Ap- 
proach, with inputs from microbiologists, molecular biologists, agronomists, soil 
scientists and extension workers. A total of 17 research centres were involved in 
this programme (Table 13) to cover various cropping systems and agroecologi- 
cal zones to assess the potentiality of biofertilizers as a component of the current 
agricultural practices and the likely savings this could bring on the use of chem- 
ical fertilizers. The microbial population and community structure were assessed 
coupled to soil health in order to look at any subtle changes such as improved 
biomass and soil aggregation to follow the residual influence of the available 
inputs on the succeeding crops. This programme is in its final phase and it is 
expected that an appropriate package of practices will be generated that can be 
recommended for farmers to use. This programme has also resulted in the 
development of protocols for quality assessment of bioinoculants and their mon- 
itoring based on molecular fingerprinting tools which would help in the pro- 
duction of quality products in the coming years. The ultimate aim of this scien- 
tific initiative is to devise packages of practice for farmers based on the 
integration of chemical fertilizers, biofertilizers, and organics. 
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10 

Conclusion 

It has been recognized that the rhizosphere of plant species is a unique ecosys- 
tem which harbors a multitude of microorganisms. Some of these, the rhizobac- 
teria, have developed a close relationship with the root zone based on the avail- 
ability of nutrients and other yet, unknown benefits. Fluorescent pseudomonads 
comprise one such group that has been studied extensively by various groups in 
India and elsewhere in the world since various strains can provide direct or in- 
direct benefits and help improve soil and plant health. In addition, Azotobacter, 
Azosprillium, Enterobacter and others too have been studied in various crop sys- 
tems with a view to utilize them individually or in association with other rhi- 
zobacteria for improved performance of various crops in the country. Research 
in the broad sphere of rhizosphere biotechnology with emphasis on new bioinoc- 
ulants has received support from the Department of Biotechnology and Indian 
Council of Agricultural Research, Government of India and appropriate tech- 
nologies have been developed. However, the general acceptance of such tech- 
nologies with the farmers is still beset with skepticism since the shelf-life and 
performance of the products exhibit inconsistencies. This is in spite of proven 
data on the inputs that such biologicals can provide, viz., nitrogen, phosphorous, 
iron etc., besides creating an environment non-conducive to proliferation of phy- 
topathogens. Currently, several laboratories have embarked on systematic char- 
acterization of potentially effective rhizobacteria of indigenous origin from the 
rhizosphere by employing the screening of large bacterial gene pools based on 
both traditional and molecular tools with extended assessment in laboratory and 
field. In addition, there is an effort to integrate such applications with integrated 
management practices and organics to reduce fertilizer use and move towards 
greener technologies. On the anvil are programmes whereby the development of 
new bioinoculants based on the incorporation of specific genes is underway so 
that future bioinoculants will have greater predictability, stability and efficacy in 
a given set of ecological environments. Also, efforts are underway to improve 
upon the formulation and packaging of new products based on comprehensive 
quality assurance protocols so that the acceptability of the products improves. 
These approaches coupled to continued financial support are likely to result in 
better utilization of rhizobacteria as future inoculants. 
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After the beginning of the recombinant DNA era in the mid-1970s, researchers in India started 
to make use of the new technology to understand the structure of plant genes and regulation 
of their expression. The outcome started to appear in print in early the 1980s and genes for 
histones, tubulin, photosynthetic membrane proteins, phototransduction components, or- 
ganelles and those regulated differentially by developmental and extrinsic signals were se- 
quenced and characterized. Some genes of biotechnological importance like those encoding 
an interesting seed protein and the enzyme glyoxalase were also isolated. While work on the 
characterization of genome structure and organization was started quite early, it remained 
largely focused on the identification of DNA markers and genetic variability. In this context, 
the work on mustard, rice and wheat is worth mentioning. In the year 2000, India became a 
member of the international consortium to sequence entire rice genome. Several laboratories 
have also given attention to regulated expression of plastid and nuclear genes as well as to iso- 
late target-specific promoters or design promoters with improved potential. Simultaneously, 
transgenic systems for crops like mustard, rice, wheat, cotton, legumes and several vegetables 
have been established. More recently, genes of agronomic importance like those for insect re- 
sistance, abiotic stress tolerance, nutritional improvement and male sterility, isolated in In- 
dia or abroad, have been utilized for raising transgenics for crop improvement. Some of these 
transgenics have already shown their potential in containment facility or limited field trials 
conducted under the stipulated guidelines. Plant molecular biology and biotechnology are 
thus clearly poised to make an impact on research in basic biology and agriculture in the near 
future. 

Keywords. Agriculture, Crop improvement, DNA markers. Gene function. Genomics, Organelle 
genome. Plant transgenics. Regulatory elements 
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Abbreviations 



A 


Adenine 


ABRE 


Abscisic acid responsive element 


AFLP 


Amplified fragment length polymorphism 


AGL9 


Agamous-like factor 9 


API 


Apetala 1 


bar 


Bialaphos resistance gene 


bZIP 


Basic leucine-zipper transcription factor(s) 


BAG 


Bacterial artificial chromosome 


G 


Cytosine 


CaMV35S 


Cauliflower mosaic virus 35S mRNA 


GIM 


Composite interval mapping 


cM 


CentiMorgan 


CMS 


Cytoplasmic male sterile 


cod A 


Choline oxidase gene 


COPl 


Constitutively photomorphogenic 1 gene 


cry 


Crystalline protein gene of Bacillus thuringiensis 


DBT 


Department of Biotechnology 


EST 


Expressed sequence tag 


EISH 


Fluorescence in situ hybridization 


G 


Guanine 


gfP 


Green fluorescent protein gene 


GPC 


Grain protein content 


GTP 


Guanosine triphosphate 


gus 


^-Glucuronidase gene 


ICAR 


Indian Council of Agricultural Research 


IRGSP 


International Rice Genome Sequencing Project 


ISSR 


Inter simple sequence repeats 


kb 


Kilobase 


kDa 


KiloDalton 


MAS 


Marker assisted selection 


NIL 


Near isogenic line 


nptll 


Neomycin phosphotransferase II gene 


OsMADSl 


Rice MADS-box gene similar to AP1/AGL9 


PAG 


PI derived artificial chromosome 


PCNA 


Proliferating cell nuclear antigen 


PGR 


Polymerase chain reaction 


PHS 


Pre-harvest sprouting 


QTL 


Quantitative trait loci 
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RO 


Transgenic plants from gene delivery 


R1 


Progeny of RO transgenic plants 


RAPD 


Randomly amplified polymorphic deoxyribonucleic acid 


RFLP 


Restriction fragment length polymorphism 


RCA 


Resistance gene analogues 


RIL 


Recombinant inbred line 


SAMPL 


Selective amplification of microsatellite polymorphic loci 


SCAR 


Sequence characterized amplified region 


SMA 


Single marker analysis 


SSR 


Simple sequence repeats 


STMS 


Sequence tagged micro satellite site 


STS 


Sequence tagged site 


T 


Thymine 


WA 


Wild abortive 



1 

Introduction 

The need to understand the structure and function of plants and application of 
new knowledge to improve crop plants is more relevant today to India than ever 
before if an environmental homeostasis is to be allowed to succeed in maintain- 
ing the balance between human beings and nature. To feed the increasing popu- 
lation of over one billion with dwindling land reserves, water, and other natural 
resources, Indian farmers have to opt for producing more with fewer resources. 
This requires a scientifically accurate approach to conserve and improve our re- 
sources. Thus, scientific knowledge is required to develop technologies which 
help grow crops in saline or drought-prone areas, protect crops from pathogens 
or insects, and improve nutritional value and yield. “Who will feed India in an- 
other 20 or 30 years?” is again being asked by international experts like Dr. Lester 
Brown of the World Watch Institute. The record production of food grain over 
200 million tons in the last years is a breakthrough and testimony to architects 
of the “Green Revolution” including scientists and farmers. The 21st century 
needs an “Evergreen Revolution” to cope with the trends of last decade when the 
growth of the population has been more than the rate of growth in food grain 
production [1]. It is estimated that the demand for food grains, vegetables and 
fruits in India will increase to 260, 194 and 106 million tons in 2030, as compared 
to 195, 91 and 52 million tons, respectively, in the year 2000. 

The advent of recombinant DNA technology in 1970s provided an immense 
potential for manipulating genes, precisely and across the incompatibility bar- 
riers. Plant science has moved from genes to genomics and genes can be inserted 
into plant genomes with relatively high efficiency. Indian plant scientists also 
started to use recombinant DNA technology to answer questions emanating from 
their scientific investigations. The establishment of the Department of Biotech- 
nology (DBT) in 1980s and keen interest of the Indian Council of Agricultural Re- 
search (ICAR) to incorporate new technology into its crop-based programmes 
gave a push to the research in the area of plant molecular biology and biotech- 
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nology, and its impact started to become evident by the mid-1990s. Major ini- 
tiatives taken in India include establishment of the International Center for Ge- 
netic Engineering and Biotechnology, New Delhi, the National Research Centre 
for Plant Biotechnology, New Delhi, M S Swaminathan Research Foundation, 
Chennai, the National Centre for Plant Genome Research, New Delhi, Centres for 
Plant Molecular Biology at Calcutta, Coimbatore, Delhi, Hyderabad, Lucknow, 
Madurai, net -work programs on insect resistance, bioprospecting, molecular tax- 
onomy and marker-assisted breeding by DBT and mission-mode projects of 
ICAR. Other agencies under the Ministry of Science and Technology have also 
given due emphasis to biotechnology research. Contributions of the Rockefeller 
Foundation and the World Bank for National Agricultural Technology Project 
have been significant in improving infrastructure, research quality and human 
resource development. 

The aim of the present article is to provide a review of Indian plant molecu- 
lar biology and biotechnology research in the post-recombinant DNA era. The 
emphasis has been placed on research related to the use of recombinant DNA 
technology for gene discovery, gene expression and function, transgenics and 
genome-wide approaches in plants. The article, therefore, does not include in- 
teresting work on plant-tissue culture, protein biology, enzymology or bio- 
chemistry and pathogens or pests. Furthermore, the authors realized during the 
course of compiling the literature that citations to all publications would not be 
possible if emphasis is to be given to highlight the recent progress and significant 
achievements. It is hoped that readers of this article will understand such a lim- 
itation and can benefit by consulting earlier efforts in this direction [2-5]. 

2 

Organelle Genome and its Function 

Plant chloroplasts and mitochondria contain their own genome and perform 
vital cellular functions. Work on the characterization of plastid genomes of indica 
rice, mothbean and poplar was initiated in early 1 990s and several photosynthesis- 
related genes have been cloned [6-8]. Ghloroplast tRNA genes have been investi- 
gated in cucumber [9]. These studies also revealed the typical circular structure of 
plastid genomes in having a large single copy region and a small single copy region 
separated by inverted repeats. While efforts are ongoing to sequence the entire 
chloroplast genome of poplar, cloned genes are being used to investigate genome 
architecture and gene expression. By using gene-specific probes for psb A and psbD, 
the somatic hybrids involving Trachy stoma ballii+B. juncea were analyzed and a 
novel intergenomic recombinant plastome of a cytoplasmic male sterile (CMS) line 
of Brassica juncea was identified [10]. Interestingly, chloroplast-related functions 
of the CMS line remained stable over generations. 

Significant insights have been gained into the components involved in the 
maintenance of the plastid genome. A pea chloroplast-based system could repli- 
cate DNA molecules containing pea chloroplast origin of replication sequences. 
The presence of OriA and OriB sequences resulted in the mode of replication (0) 
similar to in vivo conditions, but the presence of either of these could show 
replicative intermediates having sigma structures [11]. Topoisomerases are 
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known to take care of topological constraints of DNA replication. One 69 kDa 
topol enzyme has been characterized from pea chloroplasts, which does not re- 
quire and removes both positive and negative supercoils [12]. In addition, 
a plastid DNA polymerase accessory activity in the form of a 43 kDa protein was 
identified. The corresponding cDNA has been characterized, which revealed the 
presence of hydroxyproline-rich protein motifs. The protein is glycosylated and 
the deglycosylated protein retained DNA and chloroplast DNA polymerase bind- 
ing activity but it failed to stimulate DNA polymerase activity [13, 14]. Recently, 
a 70 kDa DNA polymerase from pea chloroplasts has been purified and shown 
to have high processivity and moderate fidelity [15]. DNA helicases can also as- 
sist DNA replication. Plastidic DNA helicases have been purified and character- 
ized [16-18]. One of them, chloroplast DNA helicase II, is stimulated by fork-like 
replication structures, which makes it a candidate for a DNA replicative helicase. 
Other chloroplast nucleic acid-related proteins identified include a single-strand 
DNA-specific endonuclease [19]. Work on ribonucleoproteins from pea chloro- 
plasts was also initiated [20]. Recently, a cDNA and its genomic counterpart for 
a plastid-specific ribonucleoprotein from pea has been characterized and found 
to be stimulated by light [21]. 

The expression of chloroplast genes has been analyzed in a legume {Vigna 
aconitifolia), rice (Oryza sativa) and a tree {Populus deltoides) by using homol- 
ogous or heterologous probes since chloroplast genes show a high degree of 
sequence conservation [22-25]. The investigated genes either produced single 
transcript {psaA/B, psbA, psbE) or multiple transcripts {rbcL, psbC-D, psbB) 
reflecting on the organization of genes in operons and extensive transcript 
processing. Interestingly, rbcL produced single transcript in rice [23], but two 
transcripts in V. aconitifolia [22]. 

An interaction of the developmental program of a plant vis-a-vis light stimu- 
lation of chloroplast gene expression has been established in V. aconitifolia as well 
as indica rice [22, 24]. In rice, temporal development between 5-8 days 
after germination resulted in 10-,2.3-, 7.0- and 8.0-fold increases in transcript lev- 
els for psbA, psbD, psaA-B and rbcL, which could be further enhanced by 5-, 1 1 .4- 
, 6.6- and 7.8-fold, respectively, on exposure to light during this period, thereby in- 
creasing the steady-state transcript levels ~25-60-fold during chloroplast 
biogenesis [24]. Several photomorphogenic mutants of Arabidopsis thaliana have 
also been investigated for plastid gene expression [26, 27] and found to express 
plastid genes in the dark, reflecting on the repressive role of the native gene prod- 
uct(s). A variation in the developmental programme of seedlings has also been ob- 
served in sorghum, rice, wheat and barley, and depending on the extent of devel- 
opment of the leaf in dark, the plastid gene transcript levels show variation in their 
accumulation, reflecting on the role of native developmental regulators in plastid 
gene expression (Tyagi and coworkers, unpublished). 

Two types of RNA polymerases transcribe plastid genes. To determine the 
RNA polymerase involved in light regulation, tagetitoxin - an inhibitor of plas- 
tid-encoded RNA polymerase - was used and it blocked the light-dependent 
accumulation of mRNA of photosynthesis-related chloroplast DNA-encoded 
genes in rice. No influence of tagetitoxin was observed on 16S rRNA, which is 
apparently transcribed by a nuclear-encoded RNA polymerase transported into 
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the chloroplast [28] . The light signal involved in the expression of psbA, psaA and 
rbcL was found to be perceived by phytochrome [29]. Use of agonists and antag- 
onists of their action identified other important components of the signal trans- 
duction chain involved in plastid gene expression with rice seedlings as a system. 
The major components include G-proteins, calcium, calmodulin and the phos- 
phorylation status [28,29]. Dephosphorylated status was correlated with plastid 
gene expression and chloroplast development. Work is in progress to identify 
proteins and their genes influencing the transduction of signal to chloroplast 
transcription machinery. 

Spatial control of plastid gene expression was also investigated in leaf and root 
of rice. The high level expression was found to occur in leaves and in the case of 
psbB and psbD-C operons qualitative changes in transcripts were also observed 
[23]. Within the leaf, a gradient of gene expression was observed from leaf base 
onwards and this was also influenced by calcium as well as protein phos- 
phatases/kinases [30]. 

Attempts have also been made to transform plastids to investigate the basic 
mechanisms of plastid gene expression and for the production of commer- 
cially/pharmaceutically important biomolecules. Plastid transformation con- 
structs have been prepared by employing components of the rice plastid genome 
and evaluated for their function [28]. Production of transplastomic rice, however, 
requires more effort, as the plastids in embryogenic calli of rice are very small as 
well as being less developed, thereby limiting their amenability for plastome 
transformation. The rice psbA transcriptional elements have been shown to work 
in tobacco plastids for expressing cryllaS, a gene encoding insecticidal protein, 
up to 3% of soluble protein, thereby making transplastomic tobacco resistant to 
insect larvae [31]. The expression of interferon gamma as a fusion protein with 
beta-glucuronidase/His-tag and cellulolytic alkali-thermostable xylanase at ~6% 
level has also been successful in tobacco chloroplasts (Reddy and coworkers, 
unpublished). Since both the products retain their biological activity and pu- 
rification is simplified, the use of transplastomics as bioreactors would become 
a reality. 

The mitochondrial genome has attracted the attention of workers in particu- 
lar due to its possible role in male sterility. The mitochondrial genome in plants 
is highly heterogeneous and it is known to exist as multiple sub-genomic mole- 
cules as also like a plasmid. The presence of mitochondrial plasmids has been de- 
tected in three male sterile lines but not in fertile maintainer lines of sorghum, 
although their correlation with male sterility has not been established [32]. The 
rice mitochondrial genome has been shown to contain five sub-genomes of 117, 
130, 95, 70 and 50 kb by pulse-field gel electrophoresis and a physical map of the 
95 kb sub-genome was developed [33]. The organization of the cob2 gene for 
apocytochrome b was found to vary in fertile and wild-abortive ( WA)-type male 
sterile cytoplasm of rice. This mitochondrial gene is present as a functional copy 
(cobl) and as a pseudogene (cob2) infertile IR36, but coh2 was absent in the WA- 
type [34]. Such a recombination of genome can influence male sterility/fertility 
of lines but the nature and mechanism of the influence are not completely 
known. The utility of RAPD analysis for mitochondrial DNA of such cytoplasms, 
which could not be distinguished by RFLP and Southern hybridization, has also 
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been demonstrated [35]. The uniqueness of mitochondrial DNA fragments can 
also be used to investigate transfer of cytoplasmic male sterility in cybrids by 
protoplast fusion as demonstrated for Brassica [36, 37] and rice [38]. 

Thus, the organelle genomes of crops analyzed and lessons learnt from them 
are being put to use for basic research as well as crop improvement. 

3 

Gene Organization, Structure, Expression and Function 

Indian scientists started to analyze genes from crops of interest in the early 1980s. 
From a collection of BamHI fragments of rice (IR20) genome cloned in pBR322, 
a fragment of 6.64 kb was selected and genes for H2A and H2B histones on one 
end and for H4 on the other end were localized [39]. These were found to be tran- 
scribed in a bidirectional fashion from opposite strands. A genomic library of 
Vigna radiata in the phage Charon 4A was made and used to isolate clones con- 
taining a repetitive DNA and ^-tubulin gene using a heterologous probe from 
chicken [40]. Interestingly, a 300 bp sequence repeat of V. radiata was found to 
express and be present in ~10^ copies per haploid genome [41]. Similarly, the 
gene for ^-tubulin in V. radiata has been sequenced [42]. By the late 1980s, the po- 
tential of recombinant DNA technology attracted the attention of several groups 
in India and efforts were made to isolate genes of importance for nutrition, oil 
quality, photosynthesis, and stress tolerance. Their structure and expression were 
investigated in detail and regulatory components analyzed. While some useful 
genes have been engineered to improve crops (Sect. 5), others are of interest to 
understand novel plant processes and gene expression, which continues to be a 
frontier area of investigation [43]. 

Non-availability of nutritionally balanced food to a large section of population 
in India is a major problem. Engineering of proteins with balanced amino acid 
composition and vitamins in staple food crops can help eliminate malnutrition. 
An albumin protein with an amino acid composition comparable to the World 
Health Organization’s recommended value for highly nutritious proteins has 
been identified. Its gene was isolated in the form of a 1.2 kb cDNA capable of en- 
coding an 304-amino acid polypeptide synthesized specifically in seed during 
early embryogenesis and the mid-maturation phase [44] . The 2S albumin protein 
gene has also been characterized from Brassica species and its promoter analyzed 
for seed-specific elements [45]. Additionally, rice genes homologous to seed stor- 
age protein, kafirin [46], chickpea genes homologous to pea legumin [47, 48], bar- 
ley Bj-hordein homologue [49], and a-gliadin homologue of wheat [50] have 
been isolated. In certain cases, expression studies have revealed seed-specific ex- 
pression of genes. For manipulation of amino acid levels, genes of key enzymes 
in their biosynthetic pathways would be useful. A cDNA for threonine deaminase, 
involved in the biosynthesis of the essential amino acid isoleucine, was cloned 
from chickpea [51]. This enzyme is targeted to the plastids and expressed at 
higher levels in flowers. Another category of biomolecules represented by glucans 
and present in the cell walls of the endosperm of certain members of Poaceae can 
be of utility for a mixed-diet programme and help modulate glucose and cho- 
lesterol levels. With the objective of introducing such a biomolecule in staple 
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food, a gene for the reversibly glycosylated polypeptide, associated with glucan 
biosynthesis, of indica rice has been characterized [52]. Furthermore, analysis of 
its expression in millets like Eleucine and Echinochloa, as well as rice, revealed the 
temporal control of gene expression after fertilization and a low expression in 
rice, indicating a need to improve the expression level. 

Indians consume a large amount of lipids as cooking oil. Metabolic engineer- 
ing of lipid biosynthesis could provide a way to avoid undesirable and enhance 
specialty components. With such an objective in view, genes for stearoyl-acyl car- 
rier protein desaturase [53], fatty acid elongation [54],plastidial omega-3 desat- 
urase [55, 56], and oleoyl-ACP desaturase for chain length determination in oleic 
acid biosynthesis [57] have been cloned from Brassicajuncen. As expected, these 
genes express mainly in the seed and their promoters have been found to contain 
conserved seed-specific ds-acting elements. 

Abiotic and biotic stresses result in a significant loss of crop yield due to vari- 
able environmental and geographic conditions in India. It is, therefore, expected 
that genes for components involved in stress phenomenon will attract the atten- 
tion of scientists. Considering the importance of polyamines in stress phenom- 
enon, the expression of arginine decarboxylase was analyzed in salt-sensitive (M- 
1-48) and -tolerant (Pokkali) cultivars of rice [58]. A PCR-amplified probe from 
oat showed a 20-fold mRNA accumulation in Pokkali and an only 7-fold accu- 
mulation in M-1-48 after salt stress, thereby indicating a differential expression 
pattern of the gene in sensitive and tolerant varieties. Another abscisic acid and 
salt/mannitol inducible gene from the rice cultivar Pokkali has been character- 
ized and shown to be similar to the Asr genes of other species [59]. Similarly, a 
developmentally-regulated novel S-adenosyl-L-methionine synthetase gene of 
rice cultivar Pusa Basmati 1 was found to be induced by salt, drought, abscisic 
acid, injury, osmotic- or heat-shock but not by cold stress [60]. The search for 
stress-inducible genes in rice continues and several expressed sequence tags 
(ESTs) from a normalized cDNA library from drought-stressed seedlings of rice 
cultivar Nagina 22 have been sequenced. Their in silico analysis has revealed sev- 
eral stress-inducible homologue genes [61 ]. In a detailed investigation on abiotic 
stress responses in rice cultivar IR54, transcript levels of several genes encoding 
glycolytic and fermentation enzymes were shown to change, albeit to variable 
extents, when subjected to cold, desiccation, salt, high temperature and oxygen 
deprivation [62]. A gene for glyoxalase I has been isolated from a dicot, Brassica 
juncea, and shown to be upregulated by sodium chloride, mannitol and zinc chlo- 
ride [63]. Another stress-responsive gene from peanut has been characterized 
and found to be homologous to the flavonol 3-0-glucosyltransferase responsible 
for anthocyanin biosynthesis [64]. It is expected that several of these genes will 
turn out to be important for crop improvement. 

Transcripts homologous to the wheat gene EmBPl (bZIP class factor) capable 
of recognizing the abscisic acid-responsive element (ABRE) were found to accu- 
mulate at higher levels in the roots of salt-treated Pokkali rice [65]. The analysis 
of ABRE-binding factor interactions in rice nuclear extracts revealed that sper- 
midine, proline and GTP enhance DNA binding, which may be one of the ways 
to modulate the activity of the transcription factor. South-Western blot analysis 
also showed two polypeptides of 22 and 28 kDa, binding to ABRE in equal 
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amounts, with or without salt-stress, indicating a modulation of DNA binding of 
pre-existing polypeptides under stress. Analysis of more transcription factors in- 
volved in the stress-inducible expression of genes is highly desirable to develop 
a precise and efficient strategy for manipulating stress tolerance. 

Plant genes involved in resistance against pathogens or insects have also been 
studied. A gene for the 34 kDa basic protein involved in the systemic resistance 
of susceptible plants against plant viruses has been cloned from Clerodendron 
aculeatum and shown to have homology to ribosome inactivating proteins [66]. 
The recombinant product was found to be capable of inhibiting in vitro protein 
synthesis in eukaryotic translation systems but not in prokaryotic translation sys- 
tems. A gene for cowpea lectin has also been characterized with a possible util- 
ity in engineering insect resistance [67]. 

The developmental programme of plants is greatly influenced by light and 
hormones from seed germination to flowering and seed-set [26]. Several labs in 
India have attempted to understand the mechanism of photoperception, signal 
transduction and gene expression in plants. The expression of phytochrome 1 in 
maize was found to be down-regulated by light, as opposed to up-regulation of 
nitrate reductase mRNA under similar conditions, and involved signal trans- 
duction components like PI cycle intermediates or protein kinase C [68, 69]. The 
gene for calmodulin was cloned from Arabidopsis and characterized for its reg- 
ulated expression [70]. The gene for another calcium-binding protein, calnexin, 
was cloned from pea and shown to be constitutively expressed [71]. It has, how- 
ever,been shown to be associated with the microsomal membrane and is known 
to perform its function as a molecular chaperone. The activity of several light- 
regulated genes is suppressed during skotomorphogenic development. The gene 
for a key repressor COPl {constitutively photomorphogenic 1) has been sequenced 
and characterized from indica rice and shown to be similar to its homologous 
gene from Arabidopsis [72]. In contrast to the dicot system, its transcripts were 
shown to be regulated by developmental cues and light. Another gene belonging 
to Aux/IAA class of transcription factors has also been characterized from rice 
[73]. The expression of gene is stimulated by auxin(s) and down-regulated by 
light. It remains to be seen whether the effect of light is direct or via its influence 
on endogenous auxin levels. Induction of haustoria in Cuscuta is influenced by 
cytokinins and associated genes have also been characterized [74, 75]. Other 
interesting plant responses include the touch response of Mimosa pudica. A gene 
for a chromophore-binding apyrase has been cloned from M. pudica [76]. It has 
been suggested that apyrase may also play some role in the light responses of 
M. pudica. 

Since light is known to be an important factor for chloroplast biogenesis, in- 
vestigations on nuclear genes for chloroplastic proteins have been performed. 
Three genes {psbO, psbP, psbQ) for 33-, 23- and 16-kDa polypeptides involved in 
oxygen evolution were characterized from Arabidopsis and shown to be light-reg- 
ulated in an organ-specific manner [77-79]. Their expression in photomor- 
phogenic mutants further revealed the nature of the genetic loci involved in keep- 
ing their expression repressed in dark [27]. A gene for the Ftsz protein involved 
in chloroplast division has been isolated from pea and shown to be light-regu- 
lated and young leaf-specific [80]. The involvement of this protein in division 
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mechanisms has been demonstrated by complementation studies in an E. coliftsz 
mutant. The above studies identified various components of light-regulated 
processes in plants. The knowledge about interaction of such components can 
help understand plant development better. 

Investigations on flower development have shown that three sets of genes (A, 
B and C) are involved in floral organ formation [81]. The expression of the 
AGAMOUS gene was analyzed during in vitro flowering from cotyledons of 
ground nut and found to be associated with flower bud initiation [82]. Expres- 
sion of OsMADSl, a rice MADS-box gene belonging to AP1/AGL9, was investi- 
gated in rice. It starts to express in spikelet meristems and the expression is lim- 
ited to lemma and palea with weak expression in the carpel [83]. In transgenic 
plants, ectopic expression of OsMADSl causes stunted panicles and outer rudi- 
mentary glumes are transformed to lemma/palea-like organs in spikelets. Ectopic 
expression of SUPERMAN in rice at high levels proved detrimental to the plants 
[84]; this transcription factor is involved in the maintenance of the boundary be- 
tween stamens and carpels of dicots. But, plants with a low level of expression 
survived and produced flowers with carpel expansion and destabilized stamen- 
carpel whorls, reflecting on its conserved function in monocots. Efforts are in 
progress to characterize the dyad gene as the Arabidopsis mutant in dyad shows 
that megaspore mother cell meiosis is compromised as reflected by an arrest at 
the end of meiosis 1 in ovules [85]. Such investigations would help understand 
the molecular basis of female reproductive development. 

Plant cells also require several enzymes for their DNA-related processes. These 
include topoisomerases, PCNA (proliferating cell nuclear antigen) and helicases. 
A gene for topoisomerase I, defined by its activity of nicking and sealing one of 
the two strands and a change in the linking number of the supercoiled DNA by 
a step of one, has been characterized from pea and its product localized in the nu- 
cleus [86]. The DNA relaxation activity of the enzyme is repressed by PCNA from 
pea, the gene for which has been characterized and expressed in bacteria [87] . As 
expected, this PCNA also showed stimulation of DNA polymerase activity. The 
gene and promoter for pea topisomerase II, defined by activity on both strands 
of DNA and a change in the linking number of supercoiled DNA by steps of two, 
have also been characterized and the expression of the gene was found to be 
more in proliferative tissues, and was sensitive to light and hormone application 
[88]. A comparative analysis of the gene structure revealed that the deduced 
product is a nuclear topisomerase II. The helicases catalyze ATP-dependent 
unwinding of duplex DNA to generate a single-stranded DNA template to allow 
various DNA-related transactions. The cDNA for plant helicase has been char- 
acterized from pea [89] and the deduced sequence shows homology to elE-4A. 
The product is located in the nucleus as well as the cytosol where it influences the 
activity of topoisomerase I and translation, respectively. Another DNA helicase 
of 65 kDa has been shown to be a homologue of human DNA helicase [90]. The 
protein is localized in the nucleolus, gets activated by protein kinases and shows 
DNA as well as RNA duplex unwinding activities. Eurther investigations would 
be required to confirm its suggested role in rDNA transcription and pre-rRNA 
processing. 
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4 

Genome-Wide Analysis 

Plant genome research has made great strides in recent years. The whole genome 
sequence of Arabidopsis is now available for functional analysis and the “draft 
sequence” of the rice genome has also been published very recently. The ques- 
tions regarding genetic relatedness among individuals, phylogenetic relation- 
ships, mapping of quantitative trait loci, and analysis of genomes and their or- 
ganization are being addressed simultaneously using a variety of molecular tools. 
These approaches are particularly useful for understanding plant genomes that 
are rather too large to sequence at the present time. Several laboratories in India 
are engaged in research on the above aspects with emphasis on one or the other 
crop species, including cereals, legumes, oil-seed crops and some tree species, and 
their accomplishments are highlighted below. 



4.1 

Framework Maps and Marker-Assisted Breeding 

Molecular markers are becoming invaluable in developing detailed genetic and 
physical chromosome maps of plant systems. These molecular markers, usually 
DNA-based, also have profound application in plant breeding as they can be 
linked to traits of economic interest, can be scored at any developmental stage 
and are relatively free from any influence of the environment. A rather extensive 
programme has been launched in India for the development and use of molec- 
ular makers for genetic mapping and marker-assisted selection (MAS) in wheat. 
The majority of the economically useful traits are quantitative in nature and con- 
trolled by multiple genes and are thus referred to as quantitative trait loci (QTL). 
The QTL analysis has, therefore, been initiated for at least four growth parame- 
ters (early growth habit, plant height, days to heading, and days to maturity) and 
two leaf characters (leaf color and waxiness), utilizing the International Triticeae 
Mapping Initiative Population (Gupta and coworkers, personal communication). 

The problem of pre-harvest sprouting (PHS), particularly in amber kernels, is 
quite common in major wheat growing regions of the world, including India. In 
contrast, the red kernels are known to be tolerant and thus are a good source for 
identifying the markers associated with this trait. The improvement in grain pro- 
tein content (GPC) and its composition in bread wheat is also a difficult propo- 
sition but remains a major concern of plant breeders. Recently, QTL/genes for 
PHS tolerance [91] and GPC [92, 93] have been tagged using STMS and STS 
markers. These markers were also assigned to specific chromosome arms (2DL, 
6BS and 7DL) using nuUisomic-tetrasomic lines and ditelocentric stocks. In ad- 
dition, marker validation for two STMS markers (WMC415 and WMC41) has 
been successfully conducted using near isogenic lines for high GPC. Subse- 
quently, physical mapping has been undertaken using additional markers located 
on these arms, along with the above three markers identified. This integrated 
physical map thus prepared harbors 27 maker loci on 2DL,42 marker loci on 6BS, 
and 54 marker loci on 7DL [94]. Such integrated physical maps should be useful 
for study of relative gene density across the chromosome arms as well as for map- 
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based cloning etc. These PCR-based STMS and STS markers were also useful for 
detecting polymorphism between two parents and between the two bulks of 
recombinant inbred lines (RILs) representing low and high grain weight [95]. At 
least one STMS marker, Awncddd, present on chromosome 1, could be associated 
with grain weight. Likewise, using inter simple sequence repeat (ISSR) markers, 
three markers associated with small seed size and four linked to large seed size 
were identified [96]. Using deletion lines, the three small seed size associated 
QTLs could be assigned to chromosomes 6BL, 2DL and IDS. 

In continuation of these studies, QTL interval mapping for PHS tolerance and 
GPC, for 1 10 and 100 RILs, respectively, has been conducted. This has lead to the 
identification of five QTLs spread over four chromosomes (1D,2D,4B and 6A) for 
PHS tolerance by composite interval mapping (CIM). On the other hand, QTL 
mapping for GPC was conducted by CIM as well as by single marker analysis 
(SMA) and interval mapping (IM). For this purpose, a framework genetic map 
was prepared, which had 173 loci involving 171 SSR primer pairs. At least 13 
QTLs, spread over eight different chromosomes have been detected by all the 
three methods employed. Among these, 7 QTLs were identified by CIM, and two 
of these 7 QTLS were identified by all three methods. The map is being saturated 
further using SAMPL and AFLP markers (P. K. Gupta and coworkers, personal 
communication). 

The QTLs linked to GPC have also been identified by subjecting the RILs to 
ISSR and RAPD analysis [97]. The RILs were phenotyped for GPC at two diverse 
agroclimatic locations. Three of the markers were found to be associated with 
GPC at both the locations, whereas two markers were found to be specific to Pune 
and four markers were specific to Ludhiana. This study shows that GPC is greatly 
influenced by the agroclimatic conditions. Several QTLs have also been identified 
for kernel hardness in wheat and this trait found to be interdependent on vari- 
ous related components like kernel weight and protein content [98]. 

A molecular genetic map of wheat using SSRs has been prepared by a collab- 
orative effort under the auspices of the International Wheat Microsatellite Map- 
ping Network. As part of this consortium, -400 SSR primer pairs were developed; 
58 out of the 176 primer pairs tested were found to be polymorphic between the 
parents of the mapping population used. Using this population and the frame- 
work map, 66 micro satellite loci, distributed on 20 chromosomes, have been 
mapped [99]. These 66 micro satellite loci add to the already existing 384 micro- 
satellite loci mapped earlier in bread wheat. 

Wheat rust continues to be a recurrent problem in areas which predominantly 
cultivate wheat. There is thus a continuous struggle to develop rust-resistant cul- 
tivars against the ever-evolving pathogen races. It is indeed necessary to do pyra- 
miding of major rust-resistant genes but it will be time-consuming to achieve this 
objective by conventional breeding procedures. Attempts are thus being made to 
identify molecular markers linked to the rust-resistant genes. In one such study, 
an STS (sequence-tagged-site) marker linked to Lr28, a wheat leaf rust-resistance 
gene, has been identified [ 100]. It was accomplished by RAPD analysis of NILs of 
Lr28 in eight varietal backgrounds. Of the 80 random primers tested, one RAPD 
marker distinguished the NILs and the donor parent from the susceptible re- 
current parent. The STS marker thus developed was further confirmed by sub- 
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jecting the F3 families to bulk segregant analysis. In a similar study, an STMS 
marker gwm368 of chromosome 4BS has been shown to be tightly linked to 
Aegilops triuncialis rust-resistance gene, LrTr, transferred to wheat [101]. This in 
fact is just the beginning of the task to identify many more molecular markers 
for additional leaf rust-resistance genes, which will eventually be useful for gene 
pyramiding. 

In rice, one aim of marker-assisted breeding is to develop resistance against 
gall midge {Orseolia oryzae), a major insect pest of rice. In most cases, the resis- 
tance to gall midge biotypes is governed by single dominant gene [102]. An ef- 
fort has thus been mounted at the national level to screen rice germplasm for new 
sources for resistance genes effective against one or more biotypes of the pest. To 
map the gall midge resistance genes in rice, the RFLP approach was adopted to 
study Gm2, a dominant gene, conferring resistance to some biotypes of gall 
midge [103]. The mapping population of 40 F 5 „g recombinant inbred lines was 
derived from a cross between “Phalguna” (resistant variety) and “ARC 6650” (a 
susceptible land race). The Gm2 gene was assigned to chromosome 4, close to the 
markers RG329 and RG476. For validation of RFLP-based mapping, RAPD/bulk 
segregant analysis was also carried out. The sequence information of two phe- 
notype-specific RAPD fragments tightly linked to gall midge biotype 1 resistance 
was utilized to design specific primers. These primers were shown to amplify 
specifically 1.7 and 0.6 kb fragments in the susceptible and resistance plants, re- 
spectively [104]. Another gall midge resistance gene, Gm4t, which is non-allelic 
to Gm2 and is known to confer resistance against insect biotypes 1,2,3 and 4, has 
also been tagged using RAPD analysis in combination with bulked-segregant 
analysis on an F3 population derived from a cross between two indica rice vari- 
eties, “Abhaya”, resistant parent, and “Tulsi”, susceptible parent [105]. Using F3 
mapping populations, derived from two indica parents,“Abhaya” and “Shyamala”, 
somehow the Gm4t gene could not be mapped due to lack of useful polymor- 
phism. However, an alternative strategy of employing the F2 population derived 
from a cross between “Nipponbare”, ajaponica variety, and “Kasalath”, an indica 
variety, clicked and Gm4t was mapped to chromosome 8,between markers R1813 
and S1633 B [106]. While efforts are being made by Mohan and coworkers to 
clone the gall midge resistance gene by adopting a map-based approach, in par- 
allel, they have used degenerate oligos, based upon conserved motifs of previ- 
ously isolated disease resistance genes from other plant species, to amplify anal- 
ogous sequences from the resistant variety “Phalguna”. The putative resistance 
gene analogues (RGAs) were cloned, sequenced and mapped [107]. Of the 14 
clones analyzed in detail, a major cluster of 8 RGAs was assigned to chromosome 
11. Several of these putative RGAs were found to be tightly linked to known dis- 
ease resistance genes. Among these, RGA7, which mapped to chromosome 4, 
showed cosegregation with a few markers previously shown to be tightly linked 
to the Gm2 gene [107, 108]. Recently, using RAPD analysis, another gene, GM-6(t), 
which confers resistance against four biotypes of Asian rice gall midge, has also 
been mapped on chromosome 4, located about 16 cM from the Gm-2 resistance 
gene [109]. Further work, however, is necessary to establish unequivocally the 
presence of such genes and their role in conferring disease resistance against gall 
midge. 
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Other ongoing significant efforts on marker-assisted breeding and gene pyra- 
miding include resistance to blast, blight, sheath rot, drought and salinity, as well 
as QTL analysis for traits like yield [1 10-1 13]. The bacterial blight (BB) of rice is 
caused by Xanthomonas oryzae. In a recent study, rice genotypes have been sur- 
veyed for BB resistance genes using STMS and STS markers. The Xa5 and Xa21 
genes could be identified in eight and two lines, respectively, whereas the Xal3 
gene could not be detected among the genotypes tested [114]. Attempts are also 
being made to introgress these traits. Using marker assisted selection, three BB 
resistance genes,Xa5,Xal3 and Xa21 have been pyramided into cultivar PR106 
of rice [ 1 1 5 ] , which is widely grown in the Indian state of Punj ab. These genes in 
combination have provided a high level of resistance to several races of pathogen 
causing disease in rice. 

Brassica juncea, commonly known as Indian mustard, is a major annual oil- 
yielding crop for India. For molecular mapping and character tagging, cultivar 
“Varuna” and an exotic collection BEC144 were selected based upon their mor- 
phological and molecular differences and subjected to RFLP analysis [116, 1 17]. 
A high degree of RFLP was detected between the two varieties and the majority 
of the genomic DNA probes used revealed duplicate loci. At least 17 significant 
marker-quantitative trait associations could be established in respect of 6 quan- 
titative traits, i.e., primary branches/plant, secondary branches/plant, days to 
flowering, plant height, siliques per secondary branch and seeds per silique. One 
marker in fact showed a tight linkage with the yellow seed coat color locus. In ad- 
dition, a linkage relationship among the markers was established and 25 of the 
markers could be arranged in nine linkage groups, covering a of total of 243.3 cM 
[117]. This study has been extended to map the locus conferring resistance to 
white rust disease caused by the fungus Albugo Candida [118]. For this purpose, 
a set of 94 RILs derived from a cross between BEG 144 (resistant accession) and 
“Varuna” (susceptible isolate) were screened using 186 decamer primers and 11 
RAPD markers identified through bulk segregant analysis. Eive of these markers 
showed linkage with the white rust resistance locus, two of which were linked in 
coupling and repulsion phase on either side of the locus. These two markers 
could be potentially useful in mustard breeding programmes for transfer of the 
resistance gene. In another study on seed coat color, a dominant AELP marker has 
been converted into a simple codominant SCAR (sequence characterized ampli- 
fied region) that can easily distinguish between yellow- and brown-seeded B. 
juncea [119]. This marker could be used for developing yellow seed brassicas as 
well as for the genes controlling seed coat color. Recently, a high-density genetic 
linkage map of B. juncea (2n=36) has been constructed with the help of 996 AELP 
and 33 RELP markers using an El-derived doubled haploid population of 123 in- 
dividuals raised by crossing a variety “Varuna” and a canola line “Heera” (Pental 
and coworkers, personal communication). This map will be useful for dissection 
and transfer of agronomically important traits to cultivated Indian varieties of 
brassicas. 
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4.2 

Fingerprinting and Genetic Diversity 

The importance of understanding genome organization and evolution in higher 
plants is being increasingly realized. Attempts are thus being made to learn the 
physical organization of genes and repeated sequences, which in fact constitute 
a rather large chunk of DNA in higher plants. These repeat elements show 
extensive differences in sequence motifs and abundance even between closely 
related species. Analysis of repeat DNA is thus important for evolutionary, genetic 
and taxonomic studies. The study of phylogenetic relationships and genetic 
relatedness also depends heavily on an accurate assessment of genetic diversity. 
A series of techniques and molecular markers are being deployed to address 
some of these questions, which are otherwise difficult to resolve by conventional 
methods. 

The genus Oryza represents one of the agronomically important cereal crops 
and is the principal staple food in developing countries, including India. Many of 
the wild species under this genus provide a rich source of genes that may confer 
resistance to biotic and abiotic stresses. Genetic diversity in the rice germplasm, 
including wild rice species and cultivated indica and japonica rice varieties, has 
been analyzed using various molecular markers [120-122]. To detect intra- and 
inter-specific variability, oligonucleotide probes specific for simple repetitive 
DNA sequences such as (GATA) 4 , (GGAT) 4 , (GAA)^, (GAG )5 and (GACA) 4 , were 
used. All these probes generated a level of polymorphism that could easily dis- 
tinguish several rice genotypes [121]. Some of these oligonucleotide probes were 
also successfully used recently to monitor changes in DNA variability in succes- 
sive generations of tissue culture-derived somaclonal variants of an elite rice cul- 
tivar, Indrayani [123]. Subsequently, several hypervariable DNA sequences were 
used as probes to generate DNA fingerprints in rice. Among several probes tested, 
R18.1, a bovine genomic clone with poly(GT) stretches, the bacteriophage M13 
repeat probes, and PV47, a human minisatellite probe, generated fingerprints 
peculiar for all the rice cultivars tested, with probe R18.1 showing the highest 
level of polymorphism [122]. In both these studies, the DNA fingerprint gener- 
ated was cultivar specific, without any variability among the plants of one culti- 
var. The wild rice germplasm has also been subjected to genetic variability stud- 
ies at specific loci using Rml22 and knotted-1 homeobox locus specific markers 
[124, 125]. The potential of ISSRs (inter simple sequence repeats), the regions that 
lie within the microsatellite repeats and offer great advantage in determining 
intragenomic and intergenomic diversity, has also been exploited [ 126]. The ISSR 
analysis revealed that the genus Oryza might have evolved following a poly- 
phyletic pathway. The ISSR marker based DNA profiles also generated typical 
fingerprints for various cultivars, species and genera. Genetic variation in nine 
aromatic and four non-aromatic rice varieties using RAPD analysis has been 
studied [127]. Using 26 random primers, 177 PGR products were generated, 98 of 
which were polymorphic. In a recent study, identification and classification of 
aromatic rice genotypes by RAPD profiling has been done using 58 random 
primers. Cluster analysis using 314 polymorphic bands generated could demar- 
cate the short- and long-grain genotypes into two distinct groups [128]. Essen- 
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tially a similar study has been conducted for identifying genotypes of basmati 
rice available in genetic resource collections, using random primers, and RAPD 
profiles developed that could easily discriminate the various accessions [129]. In 
a rather more extensive study, SSR and ISSR markers have been developed to re- 
veal genetic relationships and distinguish the traditional and evolved basmati 
and non-basmati rice varieties [130]. Some of these molecular genetic markers 
used in the above studies could thus be easily utilized not only for diagnostic fin- 
gerprints of various rice genotypes and their evolutionary relationship, but also 
in aiding introgression of genes from the wild rice genotypes in the breeding pro- 
grammes of cultivated varieties. 

As mentioned earlier, Brassica juncea is the oilseed brassica of choice for the 
Indian subcontinent. To improve the yield, heterosis breeding can be done and 
hybrids between the genotypes of different geographic origins can be expected 
to be more productive. To characterize these different heterotic groups, it is 
imperative to study the genome organization, phylogeny and polymorphism in 
the genus Brassica. RAPD analysis to examine genetic relationship and inherent 
variations among 12 Indian and 11 exotic B. juncea genotypes has been per- 
formed [131]. The Indian genotypes showed a low level of variability, whereas 
considerable polymorphism was detected among the exotic species. Based upon 
the pair-wise comparison of amplification products, a dendrogram was con- 
structed, which clustered the genotypes in two groups. This cluster analysis may 
be useful for selection of parents for heterosis breeding. In another study, AFLP 
markers were utilized to assess the genetic diversity among 21 natural and 9 syn- 
thetic brassicas (some developed recently) and several other lines originating 
from various parts of the world. Based upon the cluster analysis of the 1251 frag- 
ments amplified (using 21 primer pairs), the 30 B. juncea lines could be grouped 
into three distinct clusters, where the recently formed synthetics formed a sep- 
arate cluster [132]. Four of the primer pairs were unique in that they identified 
all the genotypes tested, and thus could be used for routine varietal identifica- 
tion. 

A large variety of grain legumes, including pigeonpea [Cajanus cajan), is com- 
monly grown in India. To understand the relationship between C. cajan and its 
wild relatives, RFLP/RAPD analysis has been carried out [133]. However, further 
work is required to develop consensus regarding the genomic relationships in 
C. cajan. The phylogenetic relationship and rDNA variation among several 
Cajanus species and C. cajan accessions has been examined recently using het- 
erologous probes [134]. Three rDNA repeat classes were identified among the 
eight species examined. The dendrogram developed on the basis of RFLP analy- 
sis revealed the degree of relationship between different species. 

There are major mangrove formations along the Indian coast. However, a 
steady decline has been registered in mangrove cover in India due to inhabita- 
tion. Phylogenetic analysis of several mangrove species, including Acanthus, Avi- 
cennia and Excoecaria, has been carried out using molecular markers [135-137]. 
In the more recent study on E. agallocha, genomic DNA of 84 individuals from 
seven mangrove populations was subjected to RAPD and RFLP analysis. The re- 
sults of this study indicate that considerable intrapopulation and interpopulation 
genetic variation exists in this mangrove genus. It thus appears that the mor- 
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phological uniformity observed across the species cannot be ascribed to the lack 
of genetic variation. 

The genus Populus consists of more than 30 species and has potential use 
not only in agroforestry but also in basic forest tree biology research. It is thus 
only natural that efforts are being made to develop superior clones by conven- 
tional breeding programmes. The repetitive DNA elements can be useful tools 
in the evaluation of hybrids. An investigation primarily to study the organiza- 
tion of repetitive DNA sequences in the Populus genome has been carried out 
[138]. A 145-bp tandem repeat family, accounting for ca 1.5% of the Populus 
genome, has been characterized, but it does not show any homology to tan- 
dem repeats already known from plants. This repeat family was present in 13 of 
the 14 Populus species examined, indicating the ancient origin of this family. 
Female plants of several dioecious angiosperms including papaya are commer- 
cially valuable. A PCR-based assay for seedling sex diagnosis has been developed 
for early sexing of papaya [139]. This is essentially based on a male-specific 
RAPD fragment that has been cloned and can be used as a male-specific SCAR 
marker. 

Genetic diversity has also been assessed in neem, an evergreen multipurpose 
tree with medicinal properties and a wide distribution range in India. RAPD pro- 
files were generated for 34 accessions of neem using 200 random primers, with 
49 primers giving reproducible amplification products. The dendrogram con- 
structed using these data suggests that neem may have a narrow genetic base 
[140]. In a parallel study, another set of 37 neem accessions, representing differ- 
ent ecogeographic regions within India, and 4 exotic lines from Thailand, were 
analyzed by AFLP markers [141], and several rare and accession-specific bands 
identified. The phenetic dendrogram generated could easily demarcate the In- 
dian genotypes from the four Thai lines. However, the cluster analysis indicated 
that the neem germplasm within India constitutes a broad genetic base, which is 
at variance to the conclusion drawn by the earlier study. The relative efficiency 
of AFLP and SAMPL markers has also been compared for their applicability in 
genetic diversity studies in neem [142], and SAMPL markers were found to be 
particularly useful in resolving differences between closely related accessions. 
The inter- and intra-specific variation in Withania somnifera (35 accessions) and 
Vk coagulans (5 accessions), the species with important anticancerous properties, 
has also been examined by AFLP analysis [143]. The dendrogram generated clas- 
sified these species into two major clusters and W. somnifera further subdivided 
into Kashmiri, Nagori and an intermediate group. These AFLP markers can thus 
be used for detecting genetic variation both at the species as well as the in- 
traspecific level. 

The distribution of 18S-26S and 5S rRNA gene families on the chromosomes 
of 19 of the 24 species/subspecies belonging to three species complexes of the 
genus Vida by FISH (fluorescence in situ hybridization) has been studied. These 
rDNA gene families were physically mapped on the basis of chromosome length, 
the arm-length ratio and the relative position of the hybridization signals [144]. 
Essentially, a similar study was performed on two alkaloidal plants, Papaver som- 
niferum and Hyoscyamus niger and the distribution of 18S-26S and 5S rDNA fam- 
ilies examined by FISH [145]. The distribution of these two rDNA families at spe- 
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dfic places on the chromosomes of the species investigated should be useful in 
identification of the chromosomes as well as the relatedness of species. 

To study genetic diversity in wheat, several different approaches have been 
adopted. A set of 55 elite and exotic wheat genotypes (originated in 29 countries) 
has been subjected to molecular analysis using SSR, SAMPL (selective amplifi- 
cation of microsatellite polymorphic loci) and AFLP markers [146-148]. The 
binary data for these markers have been utilized for the study of marker trait 
associations involving data scored on 14 phenotypic traits in diverse wheat geno- 
types investigated. In these studies, a total of 351 molecular markers (SSR, 131; 
AFLP, 166; SAMPL, 54) were identified, and practically each of these markers 
showed significant association with at least one of the 14 traits examined. Some 
of these markers, after validation studies, could be of potential use for MAS in 
wheat breeding. 



4.3 

Genome Sequencing 

Keeping in view the importance of rice as the largest component of food grain 
production in India, DBT and ICAR took an initiative in the year 2000, and sup- 
ported a venture that will mark a beginning in India for high throughput genome 
sequencing. India became a formal member of the International Rice Genome 
Sequencing Project (IRGSP) and claimed a region spanning 56.9 to 109.3 cM on 
the long arm of chromosome 1 1 for high throughput genome sequencing and 
gene discovery (Fig. 1). The scientific programme is being implemented at the 
Department of Plant Molecular Biology, University of Delhi South Campus, and 
the National Research Centre for Plant Biotechnology, Indian Agricultural 
Research Institute, New Delhi. Indian groups started with the generation of a 
physical map for their region by screening PAC and BAC libraries and generated 
a map covering about 90% of the region. Some of this work has contributed to the 
development of an integrated physical and genetic map of the rice genome [ 149]. 
About 4.0 Mb of the sequence have already been released to GenBank by Indian 
laboratories, out of the 6.0 Mb of the sequence assembled at various levels by May 
2002. Using an array of gene prediction programmes, the annotation of some of 
the PAC/BAC clones has helped in the identification of genes, which may define 
disease resistance, receptor kinases, hormone-inducible components, insect re- 
sistance, and several quantitative trait loci (QTL). Details are available on the 
website (www.genomeindia.org) and links provided therein. 

The rice genome sequence could serve as a standard to assess variability in rice 
and its wild relatives and help allele mining. New genes with potential applica- 
tion can be discovered and validated. Functional genomics of rice, including gene 
tagging, micro-array analysis and regulation biology would get a boost. Avail- 
ability of markers would pave the way for precision breeding. Analysis of QTLs 
for traits like yield per se will also become possible. India can contribute signif- 
icantly to new knowledge and improve rice production by making use of the in- 
formation emerging world-wide on rice genomics. 
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Fig. 1 . Sharing of rice chromosomes for high throughput sequencing by member countries in 
the International Rice Genome Sequencing Project 
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5 

Transgenics 

The development of reliable methods for genetic transformation of higher plants 
with desirable genes was achieved in the 1980s. These included methods based 
on Agrobacterium, electroporation and biolistics. However, due to variable re- 
sponses of different plant species and low frequency of genetic transformation, 
the search for novel methods still continues. In the 1990s, several transgenic crops 
were tested in the open field and covered a large cultivated area world-wide, par- 
ticularly in USA. The importance of transgenic crops in providing means of uti- 
lizing vast reservoir of genes, across sexual compatibility barriers and for novel 
purposes, has been emphasized [150, 151]. The efforts of Indian laboratories on 
optimization of genetic transformation and production of transgenics in crop 
plants as well as to understand gene function are described below. 

During transformation, success largely depends on efficient gene delivery and 
high frequency of regeneration from transformed cells. The efficiency of gene 
delivery can often be monitored by measuring the activity of a reporter gene. 
Such transient expression of the delivered gene can also help evaluate the po- 
tential of regulatory sequences and other parameters required for efficient 
delivery. Electroporation-mediated delivery into rice protoplasts was optimized 
by monitoring the transient expression of the /^-glucuronidase (gus) gene and 
used to analyze the activity of photosynthetic gene promoters [152, 153]. As a 
matter of fact, electroporation-mediated gene delivery was also possible in intact 
cells of germinating seed embryos of rice [154] and could be used to analyze the 
activity of soybean heat-shock gene {Gmhsp 17.5-E) promoter in rice [155]. 
Biolistic-mediated gene delivery was also optimized for rice [156], Albizzia 
lebbeck [157] and millets like Eleucine coracana and Echinochloa crusgalli,wheie 
the efficiency of various promoters was also evaluated [158]. The utility of 
Agrobacterium-mediated gene delivery for dicots is well known, but it has also 
been shown to work in the case of monocots like wheat [159]. Other novel 
methods of gene delivery evaluated by transient gene expression include cellu- 
lar permeabilization in Brassica [160] and wheat [161]. Polyethylene glycol-me- 
diated gene delivery in Arabidopsis thaliana protoplasts was used to evaluate pro- 
moter activity and the homologous ubiquitin promoter was found to be the most 
effective followed by the CaMV35S promoter [162]. 

A “designers’ promoter” was made by analysis of a large number of plant pro- 
moters and found to be effective, several times better than CaMV35S promoter, 
in various plants tested [163]. Similarly, the context of the initiator codonwasop- 
timized and found to result in enhanced reporter gene {gus, gfp) activity, largely 
due to post-transcriptional events like protein stability as evident after transient 
expression [164]. The promoter of PetH encoding ferredoxin-NADP+-oxidore- 
ductase and other photosynthetic promoters of PsaE from spinach were found to 
be active in green tissues of transgenic rice or leaf protoplasts of rice in a tran- 
sient expression assay, respectively [153]. The promoter of PsaE was also evalu- 
ated in tobacco and the involvement of heterotrim eric G-proteins, phospholipids, 
calcium and phosphorylation status was found to be important for its light-de- 
pendent activity [165]. Eor cloning 5' flanking regions representing promoters of 
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target genes, a new PCR-based approach has been developed which allows di- 
rectional genome walking from a defined point within the gene [166]. 

Basic mechanisms involved in Agrobacterium-mediated gene transfer have 
also been investigated. For example, rice scutella and scutellum-derived calli 
could induce virE gene expression as well as T-strand generation but leaf seg- 
ments failed to do so [ 167]. By introducing a plant selectable marker gene {nptll) 
at an appropriate position, it was shown that DNA transfer events starting at the 
left border and moving away from the T-DNA region also occur, thereby em- 
phasizing the need for optimal analysis of transgenic events [168]. A series of ver- 
satile binary vectors has also been developed for genetic transformation of rice 
and analyzed by reporter gene expression [169]. 

Early attempts to transform plants in India included oncogenic/non-onco- 
genic strains of Agrobacterium or physical means of gene delivery. Thus, trans- 
formation and regeneration of Brassica oleracea hy Agrobacterium was reported 
[170]. Protoplast-based genetic transformation of B. oleracea as well as Agrobac- 
terium-mediated transformation of B. campestris at high frequency were re- 
ported subsequently [171, 172]. Indian oilseed mustard {B.juncea) has also been 
transformed using herbicide resistance gene {bar) and homozygous lines pro- 
duced to evaluate their utility [173]. Another member of the Cruciferae family, 
Arabidopsis thaliana, and an additional oilseed crop, safflower {Carthamus tinc- 
ton'us), have also been transformed by Agrohacten'um [174, 175]. Transformation 
of legumes by A. tumefaciens resulted in transgenic calli in the case of Vigna 
mungo [176] or plantlets in V. unguiculata [177]. Use of cotyledonary node ex- 
plants and super binary vector (pTOK233) helped produce transgenic plants in 
V. radiata [178], which has otherwise proved to be a recalcitrant grain legume. 
Cotyledonary explants were also used to transform peanut {Arachis hypogaea) at 
high frequency with Agrobacterium tumefaciens [179, 180]. Inheritance of the 
transgene was investigated in the T1 generation and molecular evidence pro- 
vided for gene integration [179]. Other interesting work on Agrobacterium-me- 
diated genetic transformation has been carried out on Cajanus cajan [181], Cap- 
sicum annuum [182], Santalum album [185], Camellia sinensis [184] and Indian 
cotton [185]. In the case of cotton, progeny analysis revealed Mendelian inheri- 
tance of the transgene. 

Due to a lack of clarity about the utility of Agrobacterium for monocot trans- 
formation, first attempts to transform cereal crops involved physical methods of 
gene transfer. Biolistics and improved culture systems were used to transform 
two indica cultivars of rice, namely IR64 and Karnal Local [186]. Rice variety IR36 
was transformed by electroporation of protoplasts [187]. Both groups used the 
herbicide resistance gene {bar) as a selectable marker. Agrobacterium-mediated 
transformation of indica rice variety Pusa Basmati 1 was achieved at high fre- 
quency by using super-binary vector (pTOK233) and the transgene was shown 
to be inherited up to the R2 generation [188]. Simultaneously, Agrohacten'um- 
mediated transformation of IR64 and Karnal Local was achieved by using 
pTOK233 as well as pCAMBIA 1301, albeit with the supervirulent strain AGLl 
[189]. Work on rice variety Pusa Basmati 1 transformation with super- virulent 
binary vector was confirmed and the utility of non-supervirulent vectors proved 
by another group [ 190]. While these studies used mature seed-derived calli, cal- 
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lus from coleoptiles of dijaponica cultivar was also used for transformation with 
A. tumefaciens LBA4404 (pTOK233) [191]. 

Genetic transformation of three Indian wheat cultivars, namely CPAN 3004, 
Sonalika and UP2338, was achieved by biolistic method [192]. The inheritance of 
a selectable marker gene (bar) and a reporter gene (gus) was investigated in R1 
progeny and it was found that bar under the control of ubiquitin promoter can 
provide resistance to herbicide levels capable of killing weeds in field. 

To improve nutritive value, diploid potato genotype A16 was transformed with 
a non-allergenic and nutritionally balanced protein gene AmAl under the con- 
trol of a tuber-specific or constitutive promoter [193]. This resulted in 35-45% 
more protein and 4-8-fold increases in certain amino acids besides increases in 
growth and production of tubers in a restricted experimental plot. The protein 
was localized in the cytoplasm as well as the vacuole of transgenic tubers. It is 
proposed that other crops can be improved for nutritional value in a similar man- 
ner. Another category of transgenics of interest for human health was produced 
in tomato to express cholera toxin B subunit (non-pathogenic) with a view to 
evaluate its potential as a candidate antigen for vaccine development [194]. The 
protein was expressed in fruits and pentamerized as demonstrated by its size and 
capacity to bind the GMl-ganglioside receptor. The immune potential of the anti- 
gen expressing in tomato is being evaluated in model systems. 

A large area in India is not amenable to optimal cultivation due to the preva- 
lence of abiotic stresses like drought, salinity, and submergence. Therefore, 
engineering plants for abiotic stress tolerance remains a priority area of re- 
search. Glyoxalase I gene from Brassica juncea was overexpressed in tobacco un- 
der the control of CaMV35S promoter and found to confer tolerance to methyl- 
glyoxal and high salt [63]. The gene for choline oxidase (codA) from 
Arthrobacter globiformis can convert choline into glycinebetaine and hydrogen 
peroxide, which can serve as a protectant against osmotic stress and a signal for 
stress response, respectively. The codA gene with RbcS transit peptide coding re- 
gion for chloroplast targeting under the control of the CaMV35S promoter was 
expressed in transgenic Brassica juncea [195]. The gene was found to confer salt 
tolerance during germination and seedling growth. The acquired potential to 
convert choline into glycinebetaine made mustard tolerant to exogenously sup- 
plied choline [ 196]. This construct was also used to transform an elite indica rice 
variety Pusa Basmati 1 [197]. Biochemical, molecular and genetic analysis of 
transgenics was performed in RO and R1 generations. Salt stress to R1 seedlings 
followed by a recovery period revealed that in some cases more than 50% of 
transgenic plants survived and set seed whereas wild-type plants failed to re- 
cover after exposure to salt (Fig. 2). The bacterial gene for mannitol-l-phos- 
phodehydrogenase (mtlD) was introduced for overexpression in eggplant [198] 
and found to impart tolerance to osmotic stresses in the TO and T1 generations. 
Osmotin gene overexpression in tobacco imparted drought and salinity resis- 
tance to transgenic tobacco [199]. Calcium has been recognized as an important 
signal for cellular responses including abiotic stress. A novel calcium-binding 
protein gene from Entamoeba histolytica, namely EhCaBP, has been found to 
confer salt tolerance to transgenic tobacco during seed germination and 
seedling growth [200]. 
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TRANSGENIC WILD TYPE WILD TYPE 



STRESS (1 50 mM NaCI) FOR ONE WEEK NO STRESS 

SEVEN-WEEK-OLD 

Fig. 2. Transgenics of rice variety Pusa Basmati 1 expressing codA survive on 150 mM NaCl but 
wild-type fail to recover. Compare growth with wild-type seedlings without stress 



For imparting insect resistance to crop plants, 6-endotoxin genes of Bacillus 
thuringiensis have been deployed over 50 million hectares cultivated area world- 
wide and have been considered of great value also for India in combination with 
practices capable of avoiding the development of resistance in insects [201]. 
Among the first efforts on crop plants, a synthetic crylAb gene was transferred 
to eggplants and a significant level of resistance to the insect {Leucinodes or- 
bonalis) was observed in eggplant fruits [202]. Recently, work has been extended 
to tomato [203] and potato [204]. Another truncated gene for crylAc was intro- 
duced into chickpea {Cicer arietinum) by biolistics and feeding assays indicated 
its efficacy in inhibiting the development of Heliothis armigera larvae [205]. A 
new gene for cryllaS was cloned and found to be as effective as synthetic crylAb 
or crylAc in transgenic tobacco plants against Heliothis armigera [206]. 

The yellow stem borer {Scirpophaga incertulas) of rice is known to cause mas- 
sive yield loss. A reconstructed crylAc gene under the control of maize ubiqui- 
tin promoter was used to transform indica cultivar IR64 by biolistics [207]. The 
expression level was found to vary between 0.02 to 0.025% of total soluble pro- 
tein and was stable up to the T2 generation. The transgenic plants were shown to 
be toxic to insect larvae. Another synthetic crylAc gene codon optimized for rice, 
with similar regulatory control, was used to transform indica rice breeding lines 
(IR-64, Pusa Basmati 1 and Karnal Local) by biolistics as well as the Agrobac- 
terium approach [208]. Selected lines of Pusa Basmati 1 and IR-64 with expres- 
sion level above 0.1% of total soluble protein were tested against yellow stem 
borer and shown to cause 100% mortality of larvae in cut stem as well as in veg- 
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etative whole plant assays. But, assays at the reproductive stage did result in oc- 
casional infestation. 

Efforts are also in progress to engineer resistance against fungi. A gene for ox- 
alate decarboxylase from Collybia velutipes has been characterized and engi- 
neered in tobacco and tomato [209]. Since certain fungi utilize oxalic acid dur- 
ing infestation, these transgenics were shown to have improved resistance against 
Sclerotinia sclerotiorum. A maize C2 gene under ubiquitin promoter was engi- 
neered in Taipei 309 rice with a view to influence flavonoid biosynthesis and 
transgenics were found to have an increase in blast resistance in preliminary 
screening of R1 plants [210]. Increased resistance against Cercospora arachidicola 
was also observed in peanut transgenics expressing the tobacco chitinase gene 
[211] .Viral resistance can be engineered by the coat protein gene, which has been 
deployed against Indian peanut clump virus and introduced via Agrobacterium- 
mediated transformation of peanut, but evaluation of resistance remains to done 
[179]. Transgenics for tomato showing resistance against Physalis mottle virus 
have been produced by Agrobacterium-mediated transformation [212]. The 
potato virus Y coat protein gene has been cloned and evaluated for its efficacy in 
transgenic tobacco [213]. 

The increase in yield potential has been obtained by heterosis for several years. 
But, hybrid technology requires male-sterile lines and restoration of fertility in 
the progeny. Male sterile lines of Brassica juncea have been obtained by using bar- 
nase gene expression in tapetum [214]. To avoid leakiness inbarnase expression, 
incorporation of a spacer fragment between the barnase gene and a selectable 
marker cassette was found to be useful. Towards the aim of fertility restoration, 
the barstar gene was also introduced into B. juncea and several crosses were made 
with male sterile lines. Out of 30 cross-combinations between 3 male sterile lines 
and 14 barstar lines, one combination was found to be effective in restoration of 
male fertility in FI progeny [215]. Such a trait can be diversified and should prove 
useful for heterosis breeding. 

6 

Perspectives 

The research work in the area of plant molecular biology and biotechnology in In- 
dia has come out of its lag phase and shown significant progress in the last five 
years as reflected in the text earlier. Interaction of scientists within the coimtry and 
internationally to work on a common theme is appreciable and rewarding. Sev- 
eral net-work or mission-mode projects are in progress to analyze genes 
involved in abiotic and biotic stress responses, with the eventual aim of their 
engineering to improve crop plants. New genes and promoters for targeted ex- 
pression are being analyzed. These include novel organ-specific and inducible 
genes of rice [216], inositol synthase genes from rice and wild rice, glyoxalase II 
and ion transport protein genes, lipid biosynthesis pathway genes, heat-shock pro- 
tein and annoxia-related genes, post-harvest related genes, and genes from 
viruses. Several transgenics are ready for limited field trails as per established 
guidelines [217] and others are being produced by introducing various genes for 
pathogen resistance, pest resistance and abiotic stress tolerance. Efforts are also 
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ongoing to transform fruit crops like banana, grape and papaya as well as to de- 
velop metabolic engineering for vitamins and herbal products. Finger-printing of 
several cultivated and wild flora, including medicinal plants, coffee and spices, is 
being carried out and efforts are on to generate and extend DNA marker-based ge- 
netic maps of crops like mustard, chickpea and wheat. Genome level sequencing 
of rice should pave the way for better understanding of cereal genomes and ap- 
plications for functional genomics and precision breeding. Pyramiding of genes 
by a DNA marker-based approach is being attempted in rice and wheat as men- 
tioned earlier. It is expected that molecular approaches would find a wider-appli- 
cation in breeding and the role of transgenics will increase with the development 
of nation-wide infrastructure and extension of training to more scientists. 

Although involvement of the private sector is currently limited, it is improv- 
ing as the corporate sector takes established technologies and products like 
hybrid seeds to consumers and looks forward to incorporate new tools of crop im- 
provement. While several in the seed industry have moved for imported trans- 
genic seeds of vegetables, cotton, oil crops, maize, soybean with traits like insect 
resistance, herbicide resistance, disease resistance and male sterility for heterosis 
breeding; others are developing partnership with public sector research labora- 
tories for crop improvement by biotechnological approaches. The recent clearance 
given to insect-resistant transgenic cotton for commercialization should pave the 
way for other improved crops in the near future. Other private groups have es- 
tablished facilities to provide commercial services in gene sequencing and fin- 
gerprinting. India is making its foray into bioinformatics by making use of the na- 
tion-wide net-work established by the Department of Biotechnology and the 
interest generated among the private enterprises. A glimpse of the developments 
can be obtained from the Annual Report of the Department of Biotechnology 
(www.dbtindia.nic.in) or from reports prepared for assessing plant molecular bi- 
ology and agricultural biotechnology in India [218, 219]. 

To sustain this activity and make it grow to logical ends in terms of new in- 
tellectual property and applications, a planned approach with higher in-puts in 
terms of human and financial resources would be absolutely essential. Comple- 
mentation of resources and expertise would pay more dividends but requires bet- 
ter managing skills. As new biotechnological applications would emerge from ba- 
sic research, it should be supported with full vigor, particularly if India wants to 
avoid long lag phases and incubation periods in emerging frontier areas. 
Notwithstanding the relatively high cost for performance and debates on various 
ethical and environmental issues, scientists as well as consumers in India are 
poised to develop and take advantage of molecular plant biotechnology for sus- 
tainable food security [220]. 
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Malaria ranks with tuberculosis and AIDS in terms of its ability to destroy human health. 
In India there are at least two million cases seen annually. Although mortality may not be as 
high as it is in Africa, the trauma due to morbidity and debility and loss of productive man 
hours are colossal. Since resistance to chloroquine and antifolates is spreading rapidly, there is 
need to develop new pharmacophores, for which identification of new drug targets is essential. 
This review focuses on targets arising from classical and unique metabolic pathways in the 
malaria parasite, highlighting the research being carried out in India in the context of the global 
scenario. A significant amount of research in India and elsewhere has provided new knowledge 
on parasite biology, that could pave the way for the development of new pharmacophores. How- 
ever, it is a matter of regret to record that malaria being a poor man’s disease does not enthuse 
pharmaceutical companies in general to invest and bring out new molecules. Developing coun- 
tries like India should take a lead in developing new but affordable antimalarials. 
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Abbreviations 

DHPS Dihydropteroate synthase 

DHFR Dihydrofolate reductase 

HGXPRT Hypoxanthine-guanine (xanthinine)phosphoribosyl transferase 

PRPP Phosphoribosyl pyrophosphate 

Pf Plasmodium falciparum 

ADSS Adenylosuccinate synthase 

PABA para-Aminobenzoic acid 

TIM Triosephosphate isomerase 

ALA d-Aminolevulinate 

mdr multidrug resistant gene 

crt cryptic gene 

DOXP l-Deoxy-D-xylulose-5-phosphate 

AGP Acyl carrier protein 

HSPG Hepatocyte heparan sulfate proteoglycans 

GPI Glycosylphosphatidylinositol 

BMP- 1 Ery thro cy te membrane protein- 1 

ICGEB International Centre for Genetic Engineering and Biotechnology 

JNCASR Jawaharlal Nehru Centre for Advanced Scientific Research 

1 

Introduction 

The three major infectious diseases posing a serious threat to mankind are vi- 
sualized to be tuberculosis, malaria and HIV for which effective vaccines are not 
available. Around 300-500 million people contract malaria every year and 
1.7-2. 5 million people succumb to the disease. The mortality includes 1 million 
children below five years of age, especially in Africa. The story of lost opportu- 
nities in the control of malaria in India needs fo be kept in mind in all the efforts 
towards containing the disease in the country. The substantial dip in malaria in- 
cidence in the early nineteen seventies due to public health measures has given 
way to a substantial increase of greater than 2 million cases per year in recent 
years. The rebound is attributed to stoppage in insecticide spraying and improper 
implementation of control strategies that has led to vector and parasite resis- 
tance. Besides, global factors such as population migration across international 
and state borders, increased land use for irrigation, dam construction, industries 
and urbanization are responsible for the present scenario [1]. 

While, reliable estimates on mortality rates in India are not available (said to 
be less than a thousand), the loss of man hours and trauma due to morbidity are 
substantial. P. vivax used to be the dominant species (almost 85%) responsible for 
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malaria in the country, but in recent years the figure for the deadly P. falciparum 
infections is reaching almost 40%. Almost all the mortality cases are due to P. fal- 
ciparum malaria, with drug-resistance contributing to severe complications. 
Chloroquine-resistance has already been reported in P. vivax and this could 
spread and pose a problem, if adequate steps are not taken to contain it. 

While hygiene and vector control are essential to contain malaria, the need of 
the hour is also to develop newer antimalarials to handle drug-resistant cases, 
since an effective vaccine for malaria is still eluding the research community. The 
development of new pharmacophores would depend on the identification of new 
drug targets in the parasite. Interestingly, newer features of malaria parasite 
biology have come to light in recent years and these provide exciting new 
opportunities to develop new antimalarials. This review briefly summarizes the 
research efforts in India in this direction, in the context of the global scenario. 

2 

Classical Targets 



2.1 

Folate Pathway 

The de novo as well as salvage pathways for folate biosynthesis occur in the malaria 
parasite. Major drug targets in the folate pathway are dihydropteroate synthase 
(DHPS) and dihydrofolate reductase (DHFR). The sulfa drugs, sulfadoxine and dap- 
sone, used as antimalarials are analogues of p-aminobenzoic acid, one of the two 
substrates for DHPS. Pyrimethamine and cycloguanil are potent inhibitors of 
DHFR. The malaria parasite has adapted well to the challenge of these inhibitors and 
although they provide a major second line of defence in chloroquine-resistant cases, 
there is need to develop newer antifolates. While several mutations in DHFR and 
DHPS have been recorded in experimentally induced resistance, the mutations in 
DHFR at (S108 N) and in DHPS (A437G) have been found to correlate with in- 
creased pyrimethamine/ sulfadoxine resistance in field isolates. When multiple mu- 
tations are present in DHFR and DHPS enzymes simultaneously, the pyri- 
methamine/sulfadoxine combination would be rendered ineffective [2]. In the In- 
dian context, mutations in DHFR gene were analyzed in P falciparum patient blood 
samples of all age groups in areas surrounding Delhi and Assam at the Malaria Re- 
search Centre, Delhi. Mutations at positions 16,51, 59,1 08 and 1 64 were analyzed us- 
ing appropriate PCR primers. In a sample study of 40 clinical isolates, 55% showed 
C59R and S108 N double mutations and 32.5% showed the S108 N single mutation. 
Parasites carrying double or single mutant forms showed a broad range of elevated 
MIC values for pyrimethanine (76-6754 nM) compared to the sensitive range 
(141-380 nM). Mutations at the 16, 51, and 164 positions were not detected [3]. 



2.2 

Purine Biosynthetic Pathway 

In the intraerythrocytic stage, both the red cell and the malaria parasite are in- 
capable of de novo biosynthesis of purines. Uninfected and infected red cells 
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take up preformed purines and the parasite is dependent on the salvage path- 
way for making purine nucleotides. Enzymes of the salvage pathway have all 
been demonstrated in the infected erythrocytes. These include, adenine phos- 
phoribosyl transferase, AMP deaminase, 3',5'-nucleotidase, adenosine deami- 
nase, purine nucleoside phosphorylase,hypoxanthine-guanine phosphoribosyl 
transferase, adenylosuccinate synthase, adenylosuccinate lyase, IMP dehydro- 
genase and adenosine kinase (Fig. 1). Some of the enzymes have been charac- 
terized in detail and shown to possess unique properties. Adenosine deaminase 
from P. falciparum is sensitive to deoxycoformycin but not to erythro-9-{2-hy- 
droxy-3-nonyl)adenine, unlike the enzyme from other sources [4]. Purine nu- 
cleoside phosphorylase from P. falciparum is similar to that from vertebrate 
sources. The parasite enzyme can only use inosine and hypoxanthine as sub- 
strates, whereas the enzyme from other sources can use guanine, guanosine, al- 
lopurinol and 6-thioinosine as substrates. Formycin B is a more potent inhibitor 
of the plasmodial enzyme than that from human erythrocyte [5]. The enzyme 
hypoxanthine-guanine-phosphoribosyl transferase (HGPRT) from P. falciparum 
(HGXPRT) is unique and can use xanthine in addition, to hypoxanthine and 
guanine as substrates, unlike the enzyme from P. lophure, P. chabaudi and hu- 
mans [6]. Many substituted purine compounds have, therefore, been tested for 
antimalarial activity, but so far without success. Bredenin and mycophenolic 
acid, inhibitors of IMP dehydrogenase, and hadacidin, an inhibitor of adenylo- 
succinate lyase, have been found to inhibit growth of P. falciparum in vitro. The 
gene sequence of adenylosuccinate lyase from P. falciparum has been shown to 



Hypoxantliine 




Fig. 1 . Salvage purine biosynthetic pathway in the malaria parasite. The de novo pathway of 
purine biosynthesis does not exist in the malaria parasite. Preformed purines required from 
the host are utilized in the salvage pathway. 1, Hypoxanthine-guanine/xanthine phosphoribo- 
syl transferase (HGXPRT); 2, Purine nucleoside phosphoribosylase; 3, Adenosine deaminase 
(ADA); 4, HGXPRT; 5, HGXPRT; 6, Adenine phosphoribosyl transferase (APRT) 7, Adenosine 
kinase (AK); 8, Adenylosuccinate lyase (AL); 9, Adenylosuccinate synthetase (AS); 10, IMP de- 
hydrogenase; 11, GMP synthase 
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be different from that of the human enzyme and, therefore, is a potential drug 
target. 

At the Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR), 
Bangalore, Hemalatha Balaram and her associates have been looking at some of 
the key steps in the parasite salvage pathway for purine biosynthesis, as poten- 
tial drug targets. One of the problems with the malaria parasite HGXPRT has 
been the poor enzyme activity of the recombinant protein expressed in E. coli. 
Subbayya et al. [7] have worked out the conditions necessary for high levels of 
enzyme activity, which is critically dependent on the ratios of enzyme, phos- 
phoribosyl pyrophosphate (PRPP), hypoxanthine and buffer conditions. Evi- 
dence has also been presented for the existence of different kinetic states of the 
enzyme during activation and storage. Although the enzyme also uses xanthine 
as substrate, hypoxanthine alone may be the biologically relevant purine base for 
this enzyme. The activity of HGXPRT is inhibited at high substrate concentra- 
tions and this could complicate the kinetic analysis in the presence of inhibitors. 
A novel bacterial screen has been developed to identify new inhibitors and sub- 
strates for HGXPRT. This is based on a combination of two E. coli strains, one 
(S(?606) deficient in salvage pathway enzymes and another (S-609) deficient both 
in de novo and salvage pathway enzymes [8]. With the use of chimeric enzymes 
between humans and P. falciparum, it has been shown that the N-terminal 50 
amino acids, although not proximal to the active site in the crystal structure, 
modulate the substrate specificity by making xanthine an additional substrate for 
the parasite enzyme [9]. 

Another enzyme of the purine salvage pathway being examined by the group 
at JNCASR is adenylosuccinate synthetase which, along with adenylosuccinate 
lyase, catalyzes the conversion of IMP to AMP. The cDNA for the parasite adeny- 
losuccinate synthase (PfADSS) has been cloned and the deduced amino acid 
sequence of the P. falciparum enzyme exhibits 67% homology with that of the 
human enzyme. The PfADSS activity is inhibited by hadacidin, a known com- 
petitive inhibitor of the enzyme [ 10]. The cDNA has also been hyperexpressed in 
E. coli and the recombinant enzyme purified to homogeneity and its properties 
studied. The enzyme is a dimer in low ionic strength buffers and there is equili- 
bration between the monomer and dimer in buffers of increased ionic strength 
[11]. The availability of purified recombinant enzymes of the purine salvage 
pathway with high activity would be of use in the design of novel inhibitors. 



2.3 

Pyrimidine Biosynthetic Pathway 

Unlike the case of purine biosynthesis, the malarial parasite is capable of de novo 
biosynthesis of pyrimidines. The first three enzymes in the pathway (carbamyl 
phosphate synthetase, aspartate transcarbamylase and dihydroorotase) are sep- 
arate proteins, unlike the eukaryotes where they exist as a 240 Kda multifunc- 
tional protein. Dihydroorotate dehydrogenase converts dihydrorotate to orotate 
and the electrons are passed on to the cytochromes and oxygen through 
ubiquinone. Orotate phosphoribosyltransferase and oroditidine 5'-decarboxylase 
are once again discrete proteins in P. falciparum unlike in mammalian cells where 
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Fig. 2. The de novo pyrimidine and associated folate biosynthetic pathways in the malaria par- 
asite. The specific drug targets are actually located in the associated electron transport and fo- 
late pathways. AQ, Atavaquone; SA Sulfanilic acid; FO, Fluorouracil; PM, Pyrimethamine. DFIF, 
Dihydrofolate; THF, Tetrahydrofolate; SHMT, Serine/hydroxymethyltransferase; DHFR, Dihy- 
drofolate reductase; MTHFDH, Methyl tetrahydrofolate dehydrogenase; FTHFS, Formyl 
tetrahydrofolate synthase 



they exist mostly as bifunctional proteins. As already indicated, thymidylate syn- 
thetase from Plasmodium exists as a bifunctional protein in combination with 
dihydrofolate reductase. Figure 2 depicts the de novo pyrimidine biosynthetic 
pathway in Plasmodium and its interrelationship with the folate pathway and 
the ubiquinone-mediated electron transport chain. 

As already indicated the sulfa drugs, analogues of PABA, and pyrimethamine 
act as antimalarial agents by interfering with the folate pathway. A promising de- 
velopment has been the introduction of atovaquone as an antimalarial. Early 
studies on hydroxynaphthoquinones as mitochondrial respiratory chain in- 
hibitors and their structural resemblance to ubiquinone have eventually led to 
the development of atovaquone {2-[trans-4-(4'-chlorophenyl)cyclohexyl]-3-hy- 
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droxy- 1 ,4-naphtho quinone} with potent antimalarial activity in vitro and in vivo. 
Evidence is available to indicate that atovaquone inhibits electron transport at the 
bcl complex of parasite mitochondria (Fig. 2). It has also been suggested that ato- 
vaquone inhibits the parasite mitochondrial membrane potential [ 12]. Resistance 
to the drug arises readily when it is used as a monotherapy. The likely candidate 
to confer resistance appears to be the cytochrome b gene of the parasite with 
amino acid changes occurring in the QoII region. However, a combination of ato- 
vaquone and proguanil (2.5:1 ratio, registered as Malarone) gives 100% cure rates 
without evidence of recrudescence [13], although there is need for controlled use 
of this new drug. Studies on the mechanism of action of this combination reveal 
that the synergistic action of proguanil on atovaquone maybe independent of its 
antifolate action. It may significantly enhance the ability of atovaquone to col- 
lapse the mitochondrial membrane potential. Further studies are needed in this 
regard, since site-specific, uncoupling activity of this combination can have far- 
reaching implications for antimicrobial drug development. 



2.4 

Carbohydrate Metabolic Pathway 

Glucose is rapidly taken up by parasitized erythrocytes and it is estimated that 
a single infected red cell can consume 100 times more glucose than an uninfected 
cell [ 14] . Malaria parasites rely principally on anaerobic glycolysis and almost all 
the glucose is utilized through the anaerobic Embden-Meyerhoff-Parnas (EMP) 
pathway. Some glucose is also metabolized through the pentose phosphate path- 
way. Many of the enzymes of glycolysis occur as isozymes. The plasmodial LDH 
is 500 times more active with 3-acetylpyridine-adenine nucleotide than with 
NAD and is a good diagnostic marker and drug target [15]. 

In red blood cells infected with P. falciparum, there is a significant increase in 
phosphoglucose isomerase and enolase, both of which show plant-enzyme like 
properties and a pentapeptide motif and could constitute unique drug targets 
[16]. Although the malaria parasite has the mitochondrion, the citric acid cycle 
does not operate and energy is derived principally through anaerobic glycolysis. 
Some of the electron-transfer component enzymes are cytosolic, linked to the 
function of the pyridine biosynthetic pathway. 

A significant number of studies has been carried with the P. falciparum 
triosephosphate isomerase (TIM) in Bangalore. The parasite gene has been 
cloned and expressed in E. coli. The 28 Kda protein was shown to be functionally 
active [17]. The crystal structure of the recombinant enzyme at 2.2 A resolution 
has been reported. This was carried out by the molecular replacement method 
using trypanosomal TIM as the starting model. The Pf TIM has leucine at posi- 
tion 183 unlike most other TIMs which have glutamate at this position. Pf TIM 
has phenylalanine instead of Ser96 present in human TIM. Another interesting 
feature is the occurrence of a cysteine residue at the dimer interface of Pf TIM 
(Cysl3) in contrast to human TIM, where this residue is a methionine [18]. Thus, 
the crystal structure of Pf TIM provides a framework for new therapeutic leads. 
The Pf TIM has been found to possess unusual stability. The eight strand 8/8 bar- 
rel seen is a robust structural motif and the TIM barrel can withstand several 
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nicks in the polypeptide backbone with limited effects on structure and stabil- 
ity [19]. The protein has also served as a good model system to study folding of 
multimeric proteins. An intersubunit disulfide bonded mutant of Pf TIM, Y74C, 
has been studied. The replacement of tyrosine by cysteine leads to a cavity at the 
TIM dimer interface and results in dramatic destabilization. Stability can be 
restored by covalent tethering of the dimer interface by disulfide bonds [20]. This 
study has led to the designing of interface peptides to inhibit the dimeric enzyme, 
by disrupting the native multimeric state. This approach can provide lead struc- 
tures for potential inhibitor design [21]. 

3 

Unique Features of Malaria Parasite Biology 



3.1 

Food Vacuole and Hemoglobin Degradation 

The mature trophozoites undergo invagination of the peripheral plasma and 
parasitophorous vacuolar membranes, occluding the erythrocyte cytoplasm 
efficiently. When cytostome seals into a vesicle, the parasitophorous vacuolar 
membrane becomes the inside partner, gets digested and the vesicle is now sur- 
rounded by a single membrane, the parasite plasma membrane, giving rise to the 
food vacuole [22]. 

The P. falciparum food vacuole contains at least three major proteases, falci- 
pain (cysteine protease) and plasmepsins I and II. The precise role of each 
enzyme in hemoglobin degradation is not fully understood, although it is an 
ordered process. There is a debate regarding whether falcipain or plasmepsins ini- 
tiate the degradation process and this could be determined by the redox en- 
vironment of the food vacuole [23, 24]. Further degradation of the peptides could 
be carried out by additional exo- and endo-peptidases in the food vacuole and par- 
asite cytosol. A metallopeptidase, designated as falcilysin, has been purified from 
P. falciparum [25]. Potent plasmepsin inhibitors have been discovered and these 
compounds inhibit plasmepsins at low nanomolar concentrations and are effective 
in culture at high nanomolar to low micromolar concentrations. However, the P. fal- 
ciparum genome project has recently revealed that the parasite has at least ten 
genes that encode different aspartic proteases, which makes the unravelling of the 
in vivo target of aspartic protease inhibitors much more complicated than previ- 
ously thought [26] . In addition, the challenge would be to design inhibitors that are 
specific for the parasite proteases without affecting the host enzymes. Thus, falci- 
pain inhibitors that do not affect the host cathepsins L and B as well as plasmepsin 
inhibitors that do not act on the host cathepsin D would be ideal [27]. 



3.2 

Hemozoin Formation as Drug Target 

Large amounts of free heme would be released as a by-product of hemoglobin 
degradation in the food vacuole. Free heme is toxic and lyses malaria parasites 
[28]. The parasite aggregates the heme into an inert pigment referred to as 
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hemozoin as a mechanism of detoxification. A recent report on the crystal struc- 
ture of hemozoin indicates that the ^-hematin molecules are linked into dimers 
through reciprocal iron-carboxylate bonds to one of the propionic acid side 
chains of each porphyrin ring and the dimers form chains linked by hydrogen 
bonds on the crystal [29]. 

Chloroquine as well as other quinoline antimalarials (mefloquine, halo- 
fantrine), alkaloids (quinine, quinidine) as well as artemisinin derivatives that all 
have antimalarial properties bind heme. It is visualized that chloroquine binds 
heme, and chemisorption of the drug into crystallized hemozoin can lead to in- 
hibition of further heme aggregation [29, 30]. Quinine and mefloquine bind 
heme less avidly than chloroquine and inhibit hemozoin formation only at high 
micromolar concentrations that may not be reached with the standard dosings 
used. Therefore, the mechanisms of action of quinine and mefloquine may not 
be identical to those of chloroquine, although they may share some biological 
effects. The results also suggest that amodiaquine acts by a mechanism very 
similar to that of chloroquine. 

The mechanism of hemozoin formation is not clear. Slater and Cerami [31] pro- 
posed that an enzyme, heme polymerase is involved. The enzyme has so far not 
been isolated. Spontaneous as well as autocatalytic heme “polymerization” has also 
been proposed [32, 33]. The involvement of malaria histidine-rich protein (Pfhrp2) 
has been suggested [34]. A significant number of studies have been carried out in 
India on parasite hemozoin formation as a drug target. The contributions relate to 
the mechanisms of hemozoin formation and the interference of antimalarials in the 
process. Studies at the International Centre for Genetic Engineering and Biotech- 
nology (ICGEB), New Delhi and elsewhere have described the necessity of a bio- 
logical catalyst to mediate hemozoin formation [35, 36]. The large number of re- 
peat sequences, Ala-His-His-ala-ala- Asp, in Pfhrp2 [37, 38] have been shown to be 
the sites for binding heme. The heme binding studies indicate that up to 18 equiv- 
alents of heme could be bound by Pfhrp2 protein with an observed Kd of 0.94 pM. 
Chloroquine has a greater affinity for heme (Kd, 37 nM) than Pfhrp2. It is suggested 
that chloroquine may act by inhibiting heme-binding to Pfhrp2. It can extract 
bound heme from Pfhrp2 and form a complex that is toxic to the parasite [39]. 
Artemisinin and its analogues have also been found to inhibit hemozoin formation 
as well as hemoglobin degradation. Heme is also a potent inhibitor of cysteine pro- 
tease and therefore, hemoglobin degradation is also interfered with [40] . However, 
there are results which indicate that, although artemisinin can form adducts with 
heme in vitro and in vivo, they may not be responsible for parasite killing [24]. 
There is a view that heme acts as a catalyst to activate artemisinin into an alkylat- 
ing agent and a 25 Kda target protein with homology to the tumor protein family 
has been identified in P. falciparum [41]. 



3.3 

De novo Biosynthesis of Heme in the Malaria Parasite 

The malaria parasite has cytochromes and hemoproteins. The question of the 
source of supply of heme for the formation of these proteins, since the heme 
derived from the host hemoglobin is essentially stored as the inert hemozoin 
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pigment in the food vacuole of the parasite, led to the demonstration in this 
laboratory of the biosynthesis of heme de novo in the parasite. The pathway was 
demonstrated using precursors such as [2-^^C]glycine and [4-^^C]d-aminole- 
vulinate (ALA) and assay of the enzymes ALA synthase, ALA dehydratase and 
ferrochelatase in the parasite. Interestingly, succinylacetone, a specific inhibitor 
of ALA dehydrase was found to inhibit the growth of P. falciparum in culture [42]. 
Attempts to clone the parasite ALA dehydrase based on PCR amplification using 
primers derived from the host gene were not successful. When the enzyme was 
isolated from the parasite and purified, it turned out to be the host enzyme. Bio- 
chemical and immuno electron microscopic studies indicated that host ALA de- 
hydrase is actually translocated into the parasite and that this enzyme is func- 
tional in the parasite, synthesizing heme [43]. More recent studies have in- 
dicated that, when an N- and C-terminal deleted mutant of host ALA dehydrase 
(~12 Kda) is added to a culture of P. falciparum, it is taken up by the parasite and 
there is a striking fall in parasite ALA dehydrase activity and heme synthesis fol- 
lowed by death of the parasite [44]. These results have highlighted certain new 
facets of parasite biology in terms of import of host proteins by the parasite to 
carry out biosynthesis of key molecules and the strategies that can be developed 
to interfere with this process. A larger question is the mechanism of import of 
proteins from the host red cell and circulation and the possible role and fate of 
such proteins in the parasite. 

An integrated picture of the scope of heme metabolism as a drug target is 
given in Fig. 3. 



3.4 

Other Heme-Based Drug Targets 

While hemozoin formation has been investigated as a major drug target, results 
are available to suggest that chloroquine and other heme-interacting antimalar- 
ials act simultaneously by a number of mechanisms. Therefore, these additional 
sites also form potential drug targets. 

It has been calculated that only 30% of the heme in the food vacuole of P. fal- 
ciparum is converted into hemozoin at the trophozoite stage. It has been sug- 
gested that non-polymerized heme exits the food vacuole and is subsequently 
degraded by glutathione. The parasite has been shown to have a large capacity for 
glutathione synthesis. Chloroquine and amodiaquine are visualized to accumu- 
late in the food vacuole, inhibiting hemozoin formation and thereby increasing 
the efflux of heme out of the food vacuole. These drugs have been found to com- 
petitively inhibit the degradation of heme by glutathione, thus leading to accu- 
mulation of heme in parasite membranes and resulting in the death of the par- 
asite [45, 46]. This would mean that the competition between glutathione and 
chloroquine has to take place in the parasite cytoplasm and it is not clear whether 
such a concentration of the drug would be available outside the food vacuole. 
Under conditions similar to those existing in the food vacuole, free heme has 
been shown to undergo peroxidative decomposition. Chloroquine and 
quinacrine inhibit this process leading to the build-up of a membrane-associated 
drug concentration [47]. 
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Fig. 3. An integrated picture of heme metabolism in the malaria parasite. Interference with the 
formation of hemozoin in the food vacuole is a site for major antimalarial action. The para- 
site also makes heme de novo, which is also a drug target. Yet another drug target is the import 
of host enzymes by the parasite to synthesize heme. Apicoplast is a possible site (not estab- 
lished) for de novo heme biosynthesis using parasite gene-coded plant-like enzymes. CY, cy- 
tostome; FV, Food vacuole; PM, Parasite membrane; FVM, Food vacuolar membrane; PVM, 
Parasitophorous vacuolar membrane; RCM, Red cell membrane; MT, Mitochondria; AP, Api- 
coplast; NU, Nucleus; ALAD, d-Aminolevulinate deydrase; ALAD-ANC, An N- and C-terminal 
deleted mutant of ALAD 



Studies in this laboratory showed that the parasite protein synthesis requires 
heme and that chloroquine inhibits heme-dependent protein synthesis [48]. Fur- 
ther studies have shown that inhibition of parasite protein synthesis by chloro- 
quine precedes its inhibitory effect on hemozoin formation [49]. Inhibition of 
heme-dependent protein synthesis in the malaria parasite can offer a common 
mechanism of action for all the antimalarials interacting with heme, provided 
that an adequate concentration of the drug is available at the site of protein syn- 
thesis. 

Iron chelators have been found to have antimalarial activity, although the 
exact source of chelator-bound iron in the parasite is not clear. Desferioxamine 
and a variety of other iron chelators such as aromatic chelators, reversed 
siderophores, hydroxypyridinones and others have been shown to have anti- 
malarial activity [50, 51]. It is held that iron deposition may be partially respon- 
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sible for severe malaria. Additionally, the iron chelator may protect the ischemic 
tissue from oxidative damage and also enhance parasite-directed immune re- 
sponses [52]. 



3.5 

Reversal of Drug Resistance 

Chloroquine is the drug of choice to treat malaria. However, resistance to this 
drug has spread rapidly in the last decade. Resistance to other quinoline drugs 
as well as antifolates has become a major problem. Thus, identification of new 
drug targets and development of new drugs have become very necessary. Clini- 
cal resistance to artemisinin is yet to be reported, but this is a drug that needs to 
be sparingly used in cases of complicated/cerebral malaria, so that the parasite 
is not under pressure to develop resistance. 

An important drug target would be to break the chloroquine resistance, so that 
the life of this unique drug is prolonged. The mechanism of chloroquine resis- 
tance has been under considerable debate. It was initially thought that the resis- 
tant strains of P. falciparum accumulate lesser amounts of chloroquine than the 
sensitive strains due to an active efflux mechanism mediated by the P-glycopro- 
tein coded by the Pfmdrl gene [53]. Subsequently, it has become clear that chloro- 
quine resistance is multigenic in character, although the role of Pfmdrl in meflo- 
quine resistance is less controversial. The other mechanisms suggested are: 

1. A chloroquine importer may actually be involved in the uptake of the drug and 
this maybe manifesting a lower activity in resistance. 

2. A CG2 allele coding for a 330 Kda protein in chromosome 7 with different pat- 
terns of polymophisms in Asia and Africa may be involved [54]. 

3. Cellular uptake of chloroquine is dependent on its binding to ferriprotopor- 
phyrin IX and resistance is due to a decrease in the affinity of this interac- 
tion [55]. 

A recent study provides direct proof that mutations in pfmdrl gene can confer 
resistance to mefloquine, quinine and halofantrine. The same mutations influ- 
ence parasite resistance towards chloroquine in a strain-specific manner and the 
level of sensitivity to the structurally unrelated compound, artemisinin [56]. 
More recent studies have shown that allelic modifications of Cg2 and Cgl genes 
do not alter chloroquine response of drug-resistant P. falciparum and therefore 
are unlikely to be directly involved in resistance [57]. A new gene, Pfcrt with 13 
exons has been identified near Cg2 on chromosome 7 and this codes for a trans- 
membrane protein in digestive vacuoles of malaria parasite. Sets of point muta- 
tions in Pfcrt were found to be associated with chloroquine resistance in vitro in 
laboratory lines of P. falciparum from Africa, South America and South East Asia. 
A lysine to threonine mutation (K76T) was detected in all the resistant isolates, 
but not in the chloroquine-sensitive isolates, tested in vitro. Furthermore, genetic 
transformation with the mutant Pfcrt conferred chloroquine resistance in three 
different sensitive isolates [58]. In a field study in Mali, the Pfcrt K76T mutation 
was detected in all 60 chloroquine-resistant cases against a baseline 41% in 116 
random samples. The Pfmdrl N86Y mutation was detected in 48 out of 56 chloro- 
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quine-resistant cases. The Pfcrt K76T mutation was more strongly associated 
with chloroquine-resistance than the Pfmdrl N86Y mutation. It is suggested that 
the latter mutation may not have a primary role in chloroquine resistance, but 
may confer some advantage to the parasite in the presence of chloroquine 
because of a loss of fitness due to the Pfcrt mutation or augment the level of re- 
sistance. The function of Pfcrt protein is not clear as yet. It is felt that the K76T 
mutation in Pfcrt and the N86Y mutation in Pfmdrl can serve as molecular 
markers for chloroquine resistance in vivo and in vitro [59]. 

Calcium-channel blockers such as verapamil were found to counteract chloro- 
quine resistance and this led to the original suggestion that resistance may be 
mediated by a verapamil-sensitive multidrug efflux pump as is the case in multi- 
drug-resistant mammalian tumor cells [60]. However, the mechanism of vera- 
pamil’s action itself has become a matter of debate and it has been suggested that 
it may inhibit the activity of a membrane channel indirectly regulating chloroquine 
transport into the parasite cytoplasm [61]. The concept of a chloroquine importer 
mediated by an NaVH"^ exchanger involving cytosolic pH regulation has been con- 
tested and the drug uptake in P. falciparum is held to be determined by its binding 
to ferriprotoporphyrin IX [55] as originally suggested by Fitch and coworkers [62]. 
It is suggested that chloroquine resistance is characterized by a reduced affinity of 
chloroquine-ferriprotoporphyrin IX binding and that this is reversible by vera- 
pamil. Diverse lysosomotropic compounds which could increase the pH of hemo- 
globin delivery vesicles to the food vacuole but not that of the cytosol, would also 
mimic the effect of verapamil, the net result being a decreased affinity of chloro- 
quine-ferriprotoporphyrin IX binding [55]. The CG2 protein earlier and now the 
Pfcrt protein on the food vacuolar membrane could modulate this interaction and 
this could be a molecular marker for chloroquine sensitivity/resistance. 

Irrespective of the mechanisms involved, many compounds have been shown 
to reverse chloroquine resistance and the search for a new class of resistance 
“modulator drugs” which could be administered with chloroquine to effectively 
potentiate its action and reverse resistance is imderway (Table 1) [63]. In this con- 
text, it has been shown that aminoquinolines with 2-12 carbon side chains (ethyl, 
propyl to dodecyl) are as active as chloroquine against chloroquine-sensitive 
P. falciparum. Aminoquinolines with side chains shorter or longer than chloro- 
quine were also found to be active against chloroquine-, mefloquine- and mul- 
tiply-resistant P. falciparum. Verapamil had no effect on the activity of amino- 
quinolines that were active against the resistant parasites [64]. 



3.6 

Apicoplast as a Drug Target 

The identification of plastids in parasites of the phylum Apicomplexa has posed 
several interesting questions on their origin and possible new sites for anti- 
malarial intervention. The plastid in apicomplexan parasites is of secondary en- 
dosymbiotic origin. It is visualized that the primary event is the endosymbiosis 
of a cyanobacterium-like prokaryotic cell by green or red algae. In secondary 
endosymbiosis the plastid-containing primary endosymbionts are themselves 
engulfed and retained by the recipient eukaryote. This leaves P. falciparum, for 
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Table 1. Reversal of drug resistance in vivo 




Drug class 


Drug name 


Chloroquine-resistance reversal 


Antihypertensive 


Verapamil, Nifedipine 


Anti-anxiety 


Desipramine 


Antipsychotic 


Chloropromazine 


Anticancer 


Vinblastine, Daunomycin 


Anti-allergic 


Chlorophenaramine 

Ketotifen 

Terfenadine 

Cypoheptadine 


Antidepressant 


Fluoxetine 


Antifungal 


Miconzole 

Econazole 


Quinine-resistance reversal 


Antipsychotic 

Mefloquine-resistance reversal 


Chloropromazine 


Antipsychotic 


Penfluoridol 



example, with a three- or four-membrane enclosed apicoplast [66]. The 35 Kb 
plastid genome of P. falciparum is completely mapped and the genome is of wide 
spread occurrence over a range of malaria species [67]. 

The possible functions of the apicoplasts have come under intense investiga- 
tion. The primary candidates are biosynthetic pathways leading to the produc- 
tion of amino acids, fatty acids and heme, besides the processes of transcription, 
translation and replication of the plastid genome [66]. All these processes have 
become ideal drug targets (Fig. 4). 

The P. falciparum and T. gondii gene data bases indicate entries for chorismate 
synthase gene suggesting that the shikimate pathway for aromatic amino acid 
biosynthesis is present in apicomplexans, as in plants and algae. This pathway is 
not present in animals. Four enzymes of the shikimate pathway have been 
demonstrated in apicomplexan parasites. Glyphosate, a herbicide and inhibitor 
of 5-enoyl-pyruvyl shikimate-3-phosphate synthase has been shown to function 
as an antimalarial [68, 69]. A recent study has shown the P. falciparum chorismate 
synthase to be monofunctional like the plant enzyme, but it is localized in the 
parasite cytosol, like the fungal enzyme [70]. Genes for two enzymes involved in 
a non-mevalonate pathway of isoprenoid biosynthesis, reported previously only 
for eubacteria and plastids of algae and plants, have been identified in P. falci- 
parum. These are l-deoxy-D-xylulose-5-phosphate (DOXP) synthase and DOXP 
reductoisomerase. The recombinant DOXP reductoisomerase of P. falciparum has 
been shown to be inhibited by fosidomycin and a derivative called FR 90098, 
known inhibitors of the plant and algal enzymes. The compounds have been 
found to inhibit the growth of multidrug-resistant strains in vitro and to cure 
mice infected with the malarial parasite [71]. 
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FR-90098 

Fig. 4. Drug targets in the Apicoplast. The various metabolic transaction steps are good drug 
targets. The apicoplast is also visualized to be a site for fatty acid and isoprenoid synthesis. In 
addition, the parasite gene codes for plant-like enzymes synthesizing aromatic amino acids, al- 
though these enzymes have been shown to be localized in the cytoplasm 



The identification of the apicoplast in the malaria parasite has added newer 
dimensions to the function of fhe heme biosynthetic pathway demonstrated in 
this laboratory. Although these studies have shown that the parasite ALA dehy- 
drase and possibly some of the downstream enzymes are of host red cell origin 
[43, 44], the data base indicates that the parasite has putative genes for these 
enzymes. The parasite gene for ALA synthase has been cloned [72] and studies 
in this laboratory have shown that this enzyme is localized in the mitochondrion 
(unpublished data). Phylogenetic studies by Sato et al. [73] have indicated that the 
putative parasite gene for ALA dehydrase has plant- like features. An interesting 
question is whether the parasite carries out heme biosynthesis in the apicoplast. 
If so, the scenario would be that the parasite may be carrying out heme biosyn- 
thesis using ALA dehydrase from the host in the mitochondrial (ALA syn- 
thase)/cytoplasmic pathway, as is the case in liver, and using its own ALAD for the 
pathway in the apicoplast. Yet another question would be the source of ALA, the 
first committed product of heme biosynthesis. While studies in this laboratory 
have shown that the parasite ALA synthase is located in the mitochondrion, as is 
the case in liver, chloroplasts use the 5-carbon pathway involving glutamyl-tRNA 
to make ALA. The question is whether the apicoplast has the 5-carbon pathway 
machinery to make its own ALA or if the metabolite is obtained from the mito- 
chondrion. Answers to these interesting questions would also provide new op- 
portunities to develop antimalarials [74]. 

Concrete proof is now available to conclude that the parasite apicoplast is in- 
volved in fatty acid biosynthesis. The similarity of nuclear genes in Plasmodium 
and Toxoplasma coding for acyl carrier protein (AGP) /I-ketoacyl-ACP synthase 
III (FabH) and /I-hydroxyacyl AGP dehydratase (FabZ) to the plastid homo- 
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logues has been established. The potential plastid-targeting sequences have been 
identified. The actual targeting of these enzymes to the apicoplast has also been 
demonstrated. Thiolactomycin, an inhibitor of FabH, has been shown to inhibit 
growth of P. falciparum in culture [75, 76]. 

Studies by Namita Surolia and coworkers at the JNCASR, Bangalore have 
actually led to the demonstration of fatty acid biosynthesis in P. falciparum. 
These workers have purified the enzyme, enoyl-ACP-reductase (FabI) from P. 
falciparum. Triclosan, an antimicrobial biocide, 5-chloro-2-(2,4-dichloro- 
phenoxy)phenol, inhibits this enzyme and is shown to be a powerful antimalar- 
ial [77]. 

4 

Development of New Antimalarials in India 

In the last two decades, several 8-aminoquinoline analogues have been synthesized 
at CDRI, Lucknow and the compound CDRI 80/53 (an analogue of primaquine) 
was selected for preclinical development because of its anti-relapse activity against 
the relapsing simian malaria parasite P. cynomolgi B. This compound is charac- 
terized by a high level of safety in LDjq assays, low level of methemoglobin toxic- 
ity in beagle dogs, as well as a high therapeutic index and safety in general phar- 
macological screens. Its major advantage over primaquine is its low propensity for 
increasing methemoglobin levels in treated cases. The drug is marketed as Bu- 
laquine. Another promising antimalarial developed at CDRI is a/jS-arteether. The 
drug has been shown to be a fast-acting schizonticide and is safe to use in animals 
and humans. The drug is marketed under the trade name E-mal [65]. 

5 

Parasite Invasion and Cytoadherence 

It would be ideal if therapeutic strategies were available to prevent the entry of 
the parasite into the liver and/or erythrocytes and adherence of the infected red 
cells to the endothelial cells. 

Malaria sporozoites are transported by the blood to the liver microcirculation, 
where they come into contact with endothelial and Kupffer cells, before they have 
access to the hepatocytes. Hepatocyte heparan sulfate proteoglycans (HSPG) and 
other host receptors are visualized to interact with the parasite circumsporozoite 
protein, thrombospondin-related adhesive protein, etc. to facilitate selective tar- 
geting to hepatocytes. 

Similarly, parasite entry into blood cells involves merozoite recognition and at- 
tachment to erythrocytes, erythrocyte entry and formation of parasitophorous 
vacuole as well as membrane closure and transformation from merozoites to 
trophozoites. Parasite proteins (MSP-1, MSP-2, MSP-3 and MSP-4) anchored in 
the plasma membrane by the post-translational addition of GPI (glycosyl phos- 
photidylinositol) interact with the Duffy blood group antigen on the erythrocyte 
membrane in the case of P. vivax. In the case of P. falciparum, the merozoites use 
the terminal sialic acid residues on erythrocyte membrane glycophorins as a ma- 
jor determinant of invasion. 
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The binding domains of P. vivax Duffy binding protein and P. falciparum ery- 
throcyte binding proteins (region II) have been cloned and expressed at ICGEB, 
New Delhi. The recombinant proteins have been refolded to acquire their specific 
binding properties. This interaction is a molecular site for intervention. 

The process by which infected erythrocytes adhere to microvascular en- 
dothelium is referred to as cy to adherence. This sequestration process is central 
to the pathophysiology of P. falciparum malaria and occurs predominantly in the 
venules of vital organs, especially the brain. The infected erythrocytes not only 
adhere to vascular epithelium, but also bind two or more uninfected erythrocytes 
giving rise to rosettes. The primary resetting ligand is Pf EMP-1 (erythrocyte 
membrane protein). The host receptors include CD36 and ICAM-1. The Pf EMP- 
Is contain an N-terminal Duffy binding-like domain harboring motifs to bind 
heparin. Heparin sulfate and chondroitin sulfate inhibit this interaction. The fea- 
ture of antigenic variation and switching of the infected erythrocyte surface is at- 
tributed to the polymorphism in PfEMPl and var genes [78]. 

At ICGEB, New Delhi, a var gene expressed in an ICAM-1 binding P. falciparum 
field isolate has been cloned and expressed. The ICAM-1 binding DBL domain 
has also been identified. It may be possible to target functional DBL domains to 
inhibit cytoadherence and protect against syndromes such as cerebral malaria 
and placental malaria. In the latter case, it is known that hyaluronic acid, a high 
molecular weight GAG present on the syncytiotrophoblasts linking the placenta 
and chondroitin sulfate, are the receptors [79]. 

These receptor-mediated interactions are more amenable to vaccine inter- 
vention, than perhaps as drug-targets since these receptors may be mediating 
other normal physiological functions. 

Parasite membrane biogenesis and the involvement of membranes such as the 
parasite tubovesicular membrane in nutrient supply are all candidates for drug 
intervention. 

6 

Conclusion 

A significant amount of new knowledge has been gained in terms of parasite 
biology. New drug targets have thus emanated from this knowledge and a sig- 
nificant amount of research in the area is also being carried out in India. But, it 
is disappointing to record that there is very little interest to bring out a new an- 
timalarial, since malaria is a poor man’s disease and does not make economic 
sense for investments in major companies of the world. Perhaps developing 
countries should take this as a challenge and find a solution for this vexed 
scourge. 
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There is an urgent need to develop an effective vaccine against malaria - a disease that has ap- 
proximately 10% of the world population at risk of infection at any given time. The economic 
burden this disease puts on the medico-social set-up of countries in Sub-Saharan Africa and 
South East Asia is phenomenal. Increasing drug resistance and failure of vector control strate- 
gies have necessitated the search for a suitable vaccine that could be integrated into the ex- 
tended program of immunization for countries in the endemic regions. Malaria vaccine de- 
velopment has seen a surge of activity in the last decade or so owing largely to the advances 
made in the fields of genetic engineering and biotechnology. This revolution has brought 
sweeping changes in the understanding of the biology of the parasite and has helped formu- 
late newer more effective strategies to combat the disease. Latest developments in the field of 
malaria vaccine development will be discussed in this chapter. 
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ABRA Acidic basic repeat antigen 

AMA Apical membrane antigen 

CD Complementarity determinant 
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CS Circumsporozoite protein 

CTL Cytotoxic T lymphocyte 

DBL Duffy antigen binding ligand 

DBP/DABP Duffy antigen binding protein 
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lEN-y Interferon gamma 

IgG Immunoglobulin G 



Current Status of Malaria Vaccine Development 



145 



IL-1 


Interleukin 1 
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Inhibition of sporozoite invasion 
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Liver stage antigen 
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Monoclonal antibody 


MAP 


Multiple antigen peptide 


MF 
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Merozoite surface protein 
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New York strain of Vaccinia virus 
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Oligodeoxynucleotide 


ORF 


Open reading frame 


PbCS 


CS of Plasmodium berghei 


PCR 


Polymerase chain reaction 


PfCS 


CS of Plasmodium falciparum 


PvCS 


CS of Plasmodium vivax 


PyCS 


CS of Plasmodium yoelii 


QS 


Quillaja saponaria 


RAP 


Rhoptry associated protein 


RESA 


Ring infected erythrocyte surface antigen 


SALSA 


Sporozoite and liver stage antigen 


SBAS 


Smith Kline Beechem adjuvant system 


SERA 


Serine repeat antigen 


STARP 


Sporozoite threonine and asparagine rich protein 


TNE-a 


Tumor necrosis factor alpha 


TRAP 


Thrombospondin related adhesive protein 


TT 


Tetanus toxoid 


Single letter amino acid codes 



N 


Asparagine 


A 


alanine 


P 


proline 
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valine 


D 


aspartate 


M 
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1 

Introduction 

Malaria ranks with acute respiratory infections, measles and diarrheal diseases as 
one of the major causes of mortality and morbidity worldwide, affecting nearly 
40% of the total population and accounting for about 3-5 million deaths and 
300-500 million new cases, annually. Besides widespread drug resistance in the 
parasite and insecticide resistance in the anopheles mosquito vector, inadequate 
infrastructure measures for delivery of control measures, uncontrolled population 
growth and increased mobility of non-immune populations to endemic areas have 
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also contributed to the alarming situation posed by malaria today. Under the pre- 
sent scenario, development of either new anti-malarial drugs or of an effective vac- 
cine that can generate parasite specific protective responses, present attractive 
alternatives. Historically, vaccines have been one of the most cost effective and 
easily administered means of controlling infectious diseases, but no licensed vac- 
cines exist yet for malaria. A multitude of difficulties has hampered the develop- 
ment of vaccines for malaria; complex multi-stage life cycle involving a vast array 
of receptor-ligand interactions during invasion, incomplete knowledge of the 
effector mechanisms involved in malaria immunity, and last but not the least, lack 
of suitable experimental models to test the efficacy of new vaccine strategies and 
extrapolatable in vitro correlates of protection have all contributed significantly 
towards the slower than required pace of malaria vaccine development. 

Unlike many acute viral diseases, which produce lifelong resistance to re- 
infection, malaria causes immunity only after several years of recurring infection 
and illness. Immunity to malaria acquired in this way is only partially effective 
and results in mild, some times asymptomatic infections in spite of the persis- 
tence of parasites. This immunity is rather short-lived, unless reinforced by fre- 
quent reinfections. Another feature of the acquired immunity is that it is highly 
stage and strain specific, owing largely to the capability of the parasite to alter 
critical antigenic structures even within a single host over many generations. 
Therefore an individual would need to encounter the whole spectrum of the 
locally transmitted repertoire of strains. In this scenario, a child who dies of 
malaria despite previous parasitization would have encountered a new strain 
although eventually there must be some degree of cross protection against dif- 
ferent stages of the parasite life cycle. 

2 

Life Cycle of Malaria Parasite 

Understanding the life cycle of the parasite is fundamental to all efforts to de- 
velop vaccines, efforts that in the end focus on reducing the effects of the asex- 
ual erythrocytic stage, the only stage of the life cycle that causes disease in the 
mammalian host. Malaria parasites belong to the class Sporozoa, order Coccidia, 
family Plasmodiidae, genus Plasmodium. The species infecting humans are P. fal- 
ciparum, P. vivax, P. malariae, and P. ovale. Of these, P. vivax has the widest geo- 
graphical range and is prevalent in many temperate, subtropical and tropical 
zones. P. falciparum is prevalent in tropical and subtropical zones mostly. 
P. malariae and P. ovale have rather restricted distributions. 



2.1 

Parasite Development in the Vector 

The Plasmodium species that cause malaria are transmitted exclusively by a few 
mosquito species of the genus Anopheles. Both the prevalence and the capacity 
of the disease to spread are closely related to the biology of the vector [1]. Even 
closely related species of anopheline mosquitoes differ markedly in their capac- 
ity to act as vectors [2]. For example, the high level of transmission in Africa is 
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to a large extent the result of the preference for peridomestic feeding and supe- 
rior longevity of the A. gambiae mosquito, over most other anopheline vectors. 
The mosquito is not simply a flying syringe that mechanically transfers parasites 
from one human to another. It is an interactive host within which the parasite 
undergoes a complex process of differentiation and growth. Thus, a female mos- 
quito becomes infected with Plasmodium when she ingests male and female 
gametocyte-stage parasites in the course of taking a blood meal from an infected 
human. Fertilization subsequently occurs in the mosquito mid gut and a zygote 
is formed which differentiates further into an ookinete that penetrates the mid 
gut wall and develops into an oocyst. Thousands of sporozoites are produced 
within the oocyst and eventually make their way to the salivary glands where they 
mature. The transmission cycle is completed when an infected mosquito takes its 
next blood meal and introduces sporozoites into the human host where more de- 
velopmental changes take place. 



2.2 

Parasite Development in the Host 

The sporozoites inoculated by an infected mosquito during feeding enter into 
host’s peripheral circulation where they travel until they reach the liver and pen- 
etrate hepatocytes within 30 min of inoculation. Inside the hepatocyte, the par- 
asite undergoes cycles of asexual replication (schizogony) for 2-10 days de- 
pending on the species, producing exo-erythrocytic schizonts each containing as 
many as 30,000 merozoites. The exo-erythrocytic schizont ruptures and the 
merozoites are released into the bloodstream to invade red blood cells. The par- 
asite then undergoes erythrocytic schizogony, producing as many as 36 mero- 
zoites per schizont. After 48-72 h, the infected red blood cell ruptures and 
releases merozoites that invade fresh red blood cells. All clinical manifestations 
of malaria occur only during erythrocytic stages. The sexual stage is initiated 
when some erythrocytic parasites differentiate into male and female gameto- 
cytes, which are then taken up by the mosquito during a blood meal, to begin an- 
other round of life cycle. 



2.3 

The Disease 

The pathogenic process in malaria occurs only during the erythrocytic cycle of 
parasite development with fever and chills being the first set of alerting symp- 
toms as a result of erythrocyte disrupture by merozoites. These malaria-associ- 
ated symptoms are believed to be caused by a parasite-released toxin that induces 
macrophages to secrete tumor necrosis factor-a (TNF-a) and interleukin-1 (IL- 
1) [3]. The most severe forms of the disease, because of their fatal outcome, cere- 
bral malaria and severe anemia, are specific for P. falciparum infection. Both 
types of complications are almost always accompanied by high parasitemia [4], 
but they differ with respect to certain epidemiological parameters. Thus, cerebral 
malaria is a more frequent complication in areas of low endemicity where severe 
anemia is seldom found [4, 5]. Conversely, the latter clinical picture is the pre- 
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dominant complication in areas of very high endemicity [4, 5] . With regard to the 
pathogenesis of cerebral malaria, much knowledge has been gained over past few 
years. The observation that cerebral anorexia was commonly associated with ad- 
hesion of infected erythrocyte to cerebral capillaries led to the identification of 
the involvement of adhesion molecules, such as CD36, ICAM-1, thrombo- 
spondin, and E-selectin in the host, to which the parasitized erythrocytes bind 
[6]. Interestingly, parasite induced TNF-a may play a crucial role in the upregu- 
lation of ICAM-1 expression in cerebral blood vessels, thus leading to cytoad- 
herence of infected erythrocytes [7]. Severe anemia is one of the major causes of 
malaria-related death in children with a high endemicity in Africa [8] which 
could be aggravated by other socio-economic and political factors. 

3 

Rationale for Development of Malaria Vaccines 

There are two major experimental findings that have provided much of the sup- 
port for the concept of a malaria vaccine. One finding is that in rodent and pri- 
mate models and human trials, immunization with radiation-attenuated sporo- 
zoites induces sterile protective immunity against malaria [9-11]. The second 
finding is that transfer of immunoglobulin G (IgG) from semi-immune individ- 
uals provides some degree of protection against malaria [ 12, 13]. Obviously nei- 
ther strategy, immunization with irradiated sporozoites nor passive transfer 
of immune sera, is practical for application on a large scale, but both imply that 
development of immunity to malaria vaccination is feasible. As depicted in Fig. 1 , 
a malaria vaccine could act by preventing the invasion of hepatocytes by sporo- 
zoites (antibodies) or by preventing development of the exo-erythrocytic stages 
within the hepatocytes (T cells, cytokines and perhaps antibodies) [14]. Such a 
vaccine targets the pre-erythrocytic stage and would therefore preclude both the 
development as well as the transmission of disease. 

By interfering with the asexual erythrocytic stage of the life cycle (antibodies 
and cellular products such as cytokines) a vaccine would prevent or reduce mor- 
bidity or mortality by eliminating or reducing the parasite load [15]. Further- 
more, parasite-derived material released from the infected erythrocyte at the 
time of rupture and release of merozoites is thought to induce the human host 
to produce cellular factors that contribute to or exacerbate the pathogenesis of 
malaria. By inducing neutralizing antibodies to these parasite products or by 
inhibiting cytoadherence of infected erythrocytes implicated in cerebral and 
other forms of severe malaria, an asexual erythrocytic vaccine would reduce 
morbidity and mortality. Another type of vaccine, a transmission-blocking vac- 
cine, would not protect the individual, but would interfere with parasite devel- 
opment within the mosquito [16]. This would reduce morbidity and mortality, 
and perhaps eliminate malaria in a geographically isolated area. A reduced par- 
asite load associated with decreased transmission could also allow enhanced ef- 
ficacy of vaccines targeted at other stages [17]. 

Because distinct immune mechanisms operate against the different stages of 
the parasite’s life cycle and because most antigens are not expressed at all stages, 
malaria vaccine development strategies have focused primarily on induction of 
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Antibody mediated inhibition of 
sporozoite invasion of 
hepatocytes 



Cytokine mediated inhibition of 
development of intrahepatic stages 



CTL mediated killing of infected 
hepatocytes 



Antibodies mediated inhibition of 
merozoite invasion of erythrocytes 



Antibody mediated elimination 
of infected erythrocytes and 
inhibition of sequestration 



Cytokine mediated elimination 
of infected erythrocytes 



Fig. 1. Parasite life cycle and stages under immune attack. Intervention strategies aimed at dif- 
ferent stages of the parasite development in reality can be anticipated to overlap broadly. Thus 
a pre-erythrocytic stage vaccine even if not 100% protective, could significantly reduce the 
number of merozoites being released into the bloodstream where immune responses elicited 
by erythrocytic stage vaccines could further reduce the parasite load and in turn help reduce 
the clinical severity of the disease. Responses against gametocyte stages could further reduce 
the transmission and rate of infection 



immunity against single stages. However, given the improbability that a vaccine 
directed against a single antigen will be completely protective, a malaria vaccine 
will most likely need to produce different immune responses against multiple 
parasite antigens from several life cycle stages [18]. 

4 

Target Stages for Malaria Vaccine Development 



4.1 

Pre-Erythrocytic Stage Vaccines 



4.1.1 

The Irradiated Sporozoite Model 

Demonstration of development of stage and species specific protection in ani- 
mals and humans immunized with radiation attenuated sporozoites (y-sporo- 
zoites) led to attempts to identify the mechanisms of protection and the target 
antigens involved. There is evidence that both the neutralizing antibodies 
directed against the sporozoite surface proteins and the cellular effector mecha- 
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nisms that destroy the liver stages are involved in induction of protective im- 
munity. A major component of the humoral responses, elicited by immunization 
with y-sporozoites was directed against the sporozoite surface proteins. These 
antibodies effectively inhibited parasite infectivity because viable sporozoites, 
when preincubated with these antibodies, were no longer infective in culture as 
well as when injected into a susceptible host [19, 20]. Moreover, passive transfer 
of anti-sporozoite antibodies protected naive mice and macaques against viable 
sporozoite challenge [21, 22]. In addition to the evidence of a role for antibodies 
in the y-sporozoite induced protection, there is a large body of data indicat- 
ing that the protective immunity is primarily mediated by T cells which recog- 
nize malaria antigens presented on the surface, in the context of class I HLA pro- 
teins, by the infected hepatocytes. Adoptive transfer of spleen cells from immune 
mice protected naive animals from sporozoite challenge [23]. Interestingly, in vivo 
depletion of CDS"^ T cells, but not 004"^ cells, resulted in abrogation of the protec- 
tion in the y-sporozoite immunized mice, underlining the important role of CD8^ 
T cells in protection from experimental malaria [24]. In addition to CDS"^ T cells, 
in some strains of mice, the roles of CD4+ and y/d T cells and the natural killer (NK) 
cells have been suggested [25]. More recent data, however, have suggested a criti- 
cal role of cytokines as the leading effector mechanism operative in the y-sporo- 
zoite induced protection. Thus, IFN-y secreted from the antigen specific T lym- 
phocytes is believed to stimulate infected hepatocytes to secrete nitric oxide (NO), 
which ultimately leads to arrest of parasite development [26, 27 ] . Although most of 
the data on the mechanistic aspects of protective immunity induced by y-sporo- 
zoites have been raised using in-bred mice, one or more of these mechanisms is/are 
expected to work in the genetically diverse human population. 

4.1.2 

Pre-Erythrocytic Stage Antigens 



4.1. 2.1 

Sporozoite Surface Proteins 

4 . 1 . 2 . 1.1 

Circumsporozoite Protein (CS) 

Analysis of immune responses induced by y-sporozoites identified two major 
sporozoite surface proteins, the circumsporozoite protein (CS) and the throm- 
bospondin related adhesive protein (TRAP). Cloning of the CS genes revealed 
that the CS protein belonged to a family of 40-60 kDa proteins, contain hydro- 
phobic signal and anchor sequences at the NH 2 and COOH termini, respectively, 
as well as two small regions-I and -II (R-I and R-II) that were conserved in all CS 
proteins [28]. The bulk of the protein, however, comprised a central region con- 
taining variable numbers of tandem amino acid repeat sequences, unique for 
each species. The observation that a conserved region of the CS protein, R-II, has 
a high degree of homology to a cell adhesion molecule, thrombospondin, and to 
other sulfatide binding proteins, suggested that the sporozoites might use R-II as 
a ligand for a sulfated cellular receptor on the hepatocyte surface [29]. Indeed, 
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R-II was shown to be the ligand that recognized heparan sulfate proteoglycans 
(HSPG) on the surface of hepatocytes [30]. Synthetic peptides as well as the 
antibodies against R-II specifically blocked this interaction. The peptides and the 
antibodies were also capable of inhibiting sporozoite invasion of cultured hepa- 
tocytes in vitro [31]. 

CS protein was the first antigen identified to be responsible for attenuated 
sporozoite-induced protective immunity. Antibodies to the central repeat regions 
of this protein were detected in human volunteers immunized with y-sporozoites 
and their sera inhibited parasite infectivity [32]. Moreover, passive transfer of 
monoclonal antibodies (MAbs) specific to CS protein protected naive mice from 
sporozoite challenge [22]. The vaccine potential of CS protein was experimentally 
demonstrated in studies where mice immunized with a repeat peptide of the 
P. berghei CS (PbCS) coupled to tetanus toxoid (TT) as carrier developed high 
titers of antibodies reactive with the native CS protein on P. berghei sporozoites 
and those with the highest levels of anti-repeat antibodies were protected [33]. 
The levels of anti-CS antibodies and protection were dependent on the method 
of conjugation and the type of carrier protein used [34-36]. Significantly how- 
ever, we at ICGEB have shown that immunization of different strains of mice with 
synthetic peptides designed on the basis of P. falciparum CS (PfCS) protein 
elicited high titer antibodies even without a carrier protein. Serum obtained from 
mice immunized with PfCS 345 _ 3 (i 2 (P18),PfCS33i_362 (P32) and PfCS 33 i_ 39 o (P60), in- 
hibited sporozoite invasion of cultured hepatocytes in vitro and provided pro- 
tection from a heterologous challenge of P. berghei sporozoites [31, 37]. This, 
along with the observation that sera from irradiated sporozoite immunized mice 
cross-reacted with P18 and P32, demonstrated that the structure of these pep- 
tides contained potent B-cell epitope(s). Moreover, approximately 30% of the 
serum samples collected from individuals living in P. falciparum endemic areas 
reacted with P 1 8 and P32 in ELISA. Immunization with P32, which contains a sin- 
gle T cell and B-cell epitopes, resulted in an anamnestic antibody response with- 
out the use of a carrier protein. 

As noted above, the vaccines designed to induce antibody responses in animals 
provided only partial protection from parasite challenge and it was realized that, 
along with humoral responses, cellular immunity also plays an important role in 
the protection provided by the irradiated sporozoites to animals and humans. 
The CDB"^ and CD4'^ CTLs specific for the epitopes within the CS protein were 
detected in the volunteers immunized with attenuated sporozoites [11]. More- 
over, the presence of CS specific CTLs in the immune subjects living in the 
malaria endemic regions further supports the inclusion of CS in the malaria vac- 
cine. A number of CTL epitopes were identified that sensitized target cells for 
lysis by CDS"^ T cells derived from the volunteers immunized with irradiated 
sporozoites [38]. Adoptive transfer of CTLs also protected naive animals from 
viable sporozoite challenge [39]. However, the synthetic peptides were poor im- 
munogens for induction of cellular immunity in humans and animals and alter- 
nate strategies for vaccine delivery were devised to facilitate induction of CTL 
responses. A high degree of vaccine- induced protection mediated by CS-specific 
CD8'^ CTLs was obtained in a mouse malaria model by immunization with re- 
combinant influenza virus expressing a P. yoelii CS (PyCS) epitope, followed by 
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a second immunizing dose consisting of a highly attenuated vaccinia virus ex- 
pressing the same epitope [40, 41]. Oral immunization of mice with a recombi- 
nant Salmonella typhimurium expressing P. berghei CS (PbCS) induces protein- 
specific CTL and provides CDS"^ T cell-dependent protection of -75% of mice 
against sporozoite challenge [42, 43] . Furthermore, immunization with a recom- 
binant attenuated vaccinia virus expressing the PbCS-induced CS protein-specific 
CTL, anti-CS protein repeat antibodies and CD8^ T cell-dependent protection 
against sporozoite challenge [44]. However, this protection was strain and species 
specific, since immunization of mice with recombinant S. typhimurium, vaccinia 
or pseudo-rabies virus [45] expressing PyCS protein failed to induce protective 
CTL responses against sporozoite challenge. Immunization with irradiated mas- 
tocytoma cells, P815, transfected with the PyCS gene induced protection in 50% 
of the challenged mice [46]. Synthetic peptides with lipid tails, lipopeptides or 
peptides without lipid tail, but when co-immunized with a universal T helper cell 
epitope, also elicited specific CTL responses and protected mice from sporozoite 
challenge in P. yoelii as well as P. berghei models. 

4.1.2.12 

Thrombospondin Related Adhesive Protein (TRAP/SSP2) 

TRAP/SSP2,the second sporozoite surface protein, was identified by gene cloning 
using a blood stage genomic library [47]. An MAb derived from a P. yoelii sporo- 
zoite immunized mouse identified the homologous protein in the rodent malaria 
[48]. Later the trap gene was described from other murine, simian and human 
malaria species as well [49, 50]. TRAP has a multidomain organization, com- 
prising the hydrophobic signal and anchor sequences at the NHj and COOH ter- 
minus, respectively, an adhesive A-domain that is homologous to similar domains 
found in the integrins. The protein shares a thrombospondin like sulfatide bind- 
ing domain, R-II with the CS protein. The TRAP of human, simian and rodent 
malaria differ in the repeat regions in terms of the sequence as well as the num- 
ber of repeats. Various studies have indicated the role of TRAP in sporozoite 
invasion of host hepatocyte. Knockout studies performed in P. berghei showed 
that TRAP was essential for gliding motility of the salivary gland sporozoite and 
invasion of hepatocytes [5 1]. Recombinant P./n/dparum TRAP (PfTRAP) bound 
specifically to sulfated glycoconjugates and to hepatoma cells in vitro primarily 
in an R-II dependent manner, as those constructs lacking the R-II motif did 
not show this binding property. Binding of TRAP to hepatocyte microvilli was 
abolished by heparitinase treatment of the liver sections indicating that TRAP 
and CS used HSPGs as a common receptor on the hepatocyte surface [52, 53]. 
Although first described from the blood stages, the expression of TRAP during 
the erythrocytic stages of the parasite has been controversial. We have found 
that immunization of mice and rabbits with an 18-mer peptide of PfTRAP cor- 
responding to aa 249-266, induced antibodies that reacted with blood stage par- 
asites in IFA and identified a -78 kDa protein in the parasite lysates [54]. Further 
experimental data generated by us have suggested the presence of a 1.6 kb TRAP- 
specific transcript in the trophozoite stage (Chauhan et ah, unpublished data). 
This issue is still under intense investigation. If the presence of TRAP is finally 
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confirmed during the blood stages it will be even more attractive target for 
malaria vaccine development. 

Vaccine potential of TRAP was indicafed by the observation that sporozoite- 
immunized volunteers developed antibodies reactive with recombinant PfTRAP 
[48]. T cells from the volunteers showed proliferative activity when stimulated 
with recombinant protein [48]. CTLs specific for epifopes derived from PfTRAP 
were also found in the circulation of sporozoite-immunized volunteers [55] and 
in patients naturally exposed to malaria in the endemic regions of Africa [56]. 
Although antibodies against P. yoelii TRAP (PyTRAP) or PfTRAP do not dra- 
matically inhibit sporozoite invasion and liver stage development [48, 57], the 
finding that adoptive transfer of PyTRAP-specific CTL clones protected naive re- 
cipient mice against sporozoite challenge [46] suggested that a CTL response to 
TRAP is an important component of irradiated sporozoite-induced immunity. 
Immunization with mastocytoma cells, expressing PyTRAP also protected mice 
against viable sporozoite challenge [46, 58]. Moreover, there was an additive ef- 
fect on protection when mice were immunized with cells that expressed both 
PyCS and PyTRAP [58]. This protection was abrogated upon treatment of the 
mice with anti-CD8'^ antibodies suggesting that CD8'^T cells were mediating the 
protection. Similarly, antigen-specific CD8'^ CTLs and IFN-ymediated protection 
were obtained in mice following immunization with DNA vaccines for priming 
and recombinant MVA for boosting [59]. 



4.1. 2.2 

Proteins Expressed During Liver Stages 

Several proteins are expressed during the liver stage development of the parasite. 
The Ziver stage antigen-1 (LSA-1 ), is a 200 kDa protein expressed within the par- 
asitophorous vacuole throughout liver stage schizogony [60]. CTL and antibod- 
ies specific for epitopes in LSA-1 were identified in y-sporozoite-immunized vol- 
unteers and naturally exposed individuals of Africa [61, 62]. In Gambia, the 
presence of the class I HLA allele, Bw53, is associated with resistance to severe 
malaria and a conserved CTL epitope restricted by Bw53 was detected in natu- 
rally exposed individuals [61, 63]. Antibody and T cell responses were also found 
in naturally exposed individuals in India directed against the relatively invariant 
region ofPfLSA-1 [64]. 

The exported protein, Exp-1, another protein expressed during liver stage in- 
fection, is present on the parasitophorous vacuole membrane of infected hepa- 
tocytes and in the cytoplasm of host cells [65].AP. yoelii homologue, PyHEP-17, 
was also identified and shown to have a similar expression pattern. y-Sporozoite- 
immunized volunteers produced CTL specific for several epifopes derived from 
PfEXP-1 [62]. A monoclonal antibody specific for PyHEP-17 was shown to elim- 
inate P. yoelii infected hepatocytes from culture [66]. 

A growing number of additional antigens has been described in the liver 
stages, for which there is as yet no relation with the role in y-sporozoite-induced 
immunity. Screening of P. falciparum expression libraries with hyperimmune 
sera identified many proteins, for example, the sporozoite threonine and as- 
paragine rich protein (STARP, 78 kDa), the sporozoite and Ziver stage antigen 
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(SALSA, 70 kDa), the liver stage antigen-3 (LSA-3, 205 kDa) are expressed on the 
sporozoite surface and the liver stage [67-69]. 

4.1.3 

Human and Non-Human Primate Trials of Vaccines Based on Pre-Erythrocytic Stage 
Antigens (Table 1) 

The successful immunization of non-human primates and humans with the ra- 
diation-attenuated sporozoites led to a search for effective sub-unit vaccines for 
malaria. A number of sub-unit vaccine prototypes was designed to induce hu- 
moral and cellular immune responses based on the antigens from sporozoite and 
liver stages of the parasite (Table 1). The first malaria vaccine was a chemically 
synthesized peptide based on the repeat region of the CS protein, (NANP )3 
(amino acid codes in single letter format), and was conjugated to the tetanus tox- 
oid carrier protein [19, 70]. Phase I and II trials of (NANPjj-TT demonstrated 
safety and immunogenecity when administered adsorbed to alum as adjuvant 
[71, 72], in a dose-dependent manner. Of the 35 volunteers immunized with this 
vaccine, three with highest antibody titers against sporozoites and (NANP) were 
challenged. One out of three volunteers was totally protected, while the remain- 
ing two vaccinees demonstrated partial protection as measured by the delay in 
the prepatent period [71]. The suboptimal response to the peptide-protein con- 
jugate vaccine was considered to be due, in part, to low epitope density and pos- 
sibly epitope suppression as a result of the use of TT as a carrier protein [73]. A 
more efficacious vaccine would be obtained by the inclusion of parasite-derived 
T cell epitopes to elicit anamnestic responses in malaria-primed individuals liv- 
ing in endemic areas. A multiple antigen peptide (MAP) construct containing a 
T cell epitope from the minor repeat region, Tl, and the (NANP )3 B epitope 
(T 1B4) was shown to be highly immunogenic and elicited antibody responses in 
three species of Aotus monkeys [74] with Freund’s adjuvant as well as other for- 
mulations acceptable for human use such as alum or alum plus QS21. Phase I/IIa 
trials have been initiated with T1B4 MAP vaccine in an effort to determine if the 
broad immunogenecity and high levels of antibodies observed in primates can 
also be elicited in humans. Another MAP containing universal T cell epitopes in 
combination with a P. vivax repeat epitope elicited protective antibody responses 
in primates [75,76]. 

Several trials were done with various recombinant forms of the CS protein with 
and without extraneous T helper cell epitopes in monkeys as well as humans. Im- 
munization of six volimteers with a recombinant protein consisting of 32 copies of 
PfCS repeats [MDPjNANPjjjNVDPjNANPjijNVDP] formulated with alum elicited 
protective immime responses in only one of the six [ 77] . In an immimogenidty trial 
with a similar construct formulated in monophosphoryl A and squalane, eight out 
of 16 volunteers developed high titer antibodies [78]. In another study with this 
vaccine two out of 1 1 volimteers were protected and two others had delayed onset 
of parasitemia [79]. Surprisingly however, there was no correlation between pro- 
tection and anti-sporozoite titer, and inhibition of sporozoite invasion (ISI) results. 
Similar results were obtained with another recombinant vaccine based on the re- 
peat sequences of PfCS conjugated to the detoxified Pseudomonas arugenosa 
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Table 1 . Human and non-human primate trials of vaccines based on the pre-erythrocytic stage 
candidate antigens 


Antigen Form of 
vaccine 


Description 


Host 


Protection 


Ref. 


CSP Synthetic 

peptide 


MAC containing repeats 
and P2/P30 of tt 


Monkey 


Partial 


[83] 




Repeat region peptide con- 
jugated to diptheria toxoid 


Monkey 


None 


[217] 




MAP containing T cell 
epitopes from CS along 
with P30 of tt 


Monkey 


ND 


[76] 




Peptides panning the non- 
repeat regions from N- and 
C-terminus 


Monkey 


ND 


[218] 




Padre 45 with CpG 
oligonucleotides 


Monkey 


ND 


[214] 




MAP (T1B)4 


Monkey 


ND 


[74] 




(NANP)3 conjugated to tt 


Human 


Partial 


[71,219] 




C-terminal corresponding 
to aa 282-383 


Human 


ND 


[220] 




Polyoxime synthetic MAP 
containing T helper and B 
cell epitopes 


Human 


ND 


[221,222] 




Peptides spanning the non- 
repeat regions from the N- 
and C-terminus 


Human 


ND 


[223] 


Recom- 

binant 


Repeat region and the flank- 
ing sequences produced in 
E. coli and yeast 


Monkey 


Partial 


[81,82] 




Multiple antigen construct 


Monkey 


Partial 


[75,83] 




Repeat region fused to 32 
residues from bacterial tetra- 
cycline resistance protein 
translated out of frame 


Monkey 


ND 


[224] 




32 copies of repeat sequence 
fused to 32 residues of tetra- 
cycline resistance protein 
translated out of frame 


Human 


Partial 


[77] 




Repeat region covalently 
coupled to detoxified Pseudo- 
monas exotoxin A 


Human 


Partial 


[80] 




Repeat region fused with 81 
residues of the NS protein 
of Influenza A virus 


Human 


Partial 


[79] 




RTS,S: aa 210-398 fused with 
the HbsAg 


Human 


Partial 


[84, 87, 88, 
211,212] 



156 



V. S. Chauhan ■ D. Bhardwaj 



Table 1 (continued) 


Antigen 


Form of 


Description 


Host 


Protection 


Ref. 




vaccine 














Repeat region covalently 
coupled to detoxified Pseudo- 
monas exotoxin A 


Human 


None 


[225, 226] 






Repeatless protein containing 
only N- and C-terminus 


Human 


None 


[215] 






Almost complete protein pro- 
duced in yeast 
Complete protein produced 
in baculovirus 


Human 


ND 


[227, 228] 






Repeat sequence fused 
to HbsAg 


Human 


ND 


[229] 






Repeat region fused with 
81 residues of the NS protein 
of Influenza A virus 


Human 


ND 


[78] 






32 copies of repeat sequence 
fused to 32 residues of tetra- 


Human 


ND 


[230] 






cycline resistance protein 
translated out of frame 












RTS.S: aa 210-398 fused 
with HbsAg 


Human 


ND 


[210] 




DNA 


DNA vaccine plasmid 


Monkey 


Partial 


[200] 








Monkey 


ND 


[194] 








Human 


ND 


[193] 


TRAP 


Recom- 


Ectodomain produced 


Monkey 


Partial 


a 




binant 


in E. coli 










DNA 


DNA vaccine plasmid 


Monkey 


Partial 


[200] 








Monkey 


None 


b 


LSAs 


Synthetic 


Peptides with and without 


Monkey 


ND 


[90] 




peptide 


lipid tails 

Lipopeptides and recom- 


Chim- 


Partial 


[91] 






binant protein 


panzee 


ND 


[69] 




DNA 


DNA vaccine plasmid 


Monkey 


ND 


[194] 



“ Chauhan et al. unpublished data. 
Bhardwaj et al. unpublished data. 



toxin A [80]. Several other trials in humans with recombinant constructs failed to 
induce any protective immune responses (Table 1). 

Studies in the squirrel monkeys with recombinant vaccines based on the CS 
protein of P. vivax were carried out [81, 82]. These vaccines elicited protective 
immune responses against sporozoite challenge, however, once again there was 
no correlation between the observed protection and humoral or cellular immune 
responses in these trials. In other trials using Saimiri monkeys, protective im- 
mune responses were elicited by immunization with multiple antigen constructs 
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based on the P. vivax CS (PvCS) protein repeat region and a universal T helper 
epitope of tetanus toxin formulated with different adjuvants [75, 83]. 

A promising pre-erythrocytic stage malaria vaccine, called RTS, S, described 
first in 1995 is currently scheduled to undergo large scale human trials in Africa. 
The vaccine consists of sequences from the CS protein of P. falciparum strain 3D7 
(aa 210-398) fused to 226 amino acids corresponding to HBsAg (adw serotype) 
[84]. This region of CS protein contains the central repeat region as well as non- 
repeat B cell epitopes, two potential T helper epitopes, aa 326-343 (Th2R) [85] 
and aa 361-380 (Th3R) [85], and a CTL epitope, aa 368-390 [86]. The vaccine was 
produced in yeast and formulated in three different adjuvants; RTS, S with alum 
and monophosphoryl lipid A (SBAS4), RTS, S in an oil-in-water emulsion 
(SBAS3), and RTS, S in this emulsion plus monophosphoryl lipid A and QS21 
(SBAS2). In a limited study, six out of seven subjects who received RTS, S with 
only one of the formulations, SBAS2 were protected from a challenge with P. fal- 
ciparum sporozoites. Protection was dependent on and correlated well with the 
levels of the anti-CS repeat antibodies [87]. In a test of long-term efficacy 
6 months after the first challenge, the protected subjects were re-challenged; 1 out 
of 5 subjects was completely protected and the remaining showed a significant 
delay in the pre-patent period. Surprisingly though, this time protection did not 
correlate with the levels of the anti-CS repeat antibodies [88]. Subsequently, it was 
reported that RTS, S/SBAS2 induced CD4"^ dependent IFN-y secretion as well as 
the lymphoproliferative responses and antibodies in the immunized subjects, 
highlighting a possible immune mechanism of protection. Importantly though, 
CS-specific CDS"^ CTLs were not detected [89]. In a recently conducted dose-re- 
sponse phase I/IIa trial of this formulation, an overall efficacy of 41% was re- 
ported. Phase III trials with RTS, S are currently under progress, the results of 
which are expected to be available in 2-3 years time. 

There have not been any trials in human with vaccines based on other pre-ery- 
throcytic stage antigens. In a recently concluded trial conducted by the Malaria 
Research Group at ICGEB in collaboration with GDRI, Lucknow immunization 
with recombinant P. cynomolgi TRAP induced protective immunity in rhesus 
monkeys and one out of eight animals was completely protected whereas four 
others had significantly delayed onset of parasitemia. The vaccine, formulated 
with Freund’s adjuvant, induced both humoral and GTL responses against the 
protein which correlated well with the protection (Ghauhan et al. unpublished 
results). Similarly, immimization of monkeys and chimpanzees with lipopeptides 
and recombinant proteins corresponding to different regions of LSA-3 was 
shown to provide protection [90, 91]. Recently, DNA vaccines have provided an 
exciting new tool for the induction of effective GTLs against the encoded antigens 
and are discussed in detail later. 

Despite enormous efforts no pre-erythrocytic stage vaccine is available yet 
that can effectively prevent either sporozoite invasion of hepatocytes or the de- 
velopment of intrahepatocytic stages of the parasite. The current research efforts 
are directed towards identification of more and/or better candidate antigens 
involved in eliciting protective immune responses in the y-sporozoite model. The 
completion of the sequencing of the malaria genome is expected to give a major 
boost to the search for such candidate antigens. 
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4.2 

Erythrocytic Stage Vaccines 



4.2.1 

The Naturally Acquired Immunity 

Naturally acquired immunity to malaria has often been underestimated. It is 
highly effective in reducing the severity of disease, morbidity and mortality, even 
though it rarely, if ever, pro duces sterile immunity. In areas of intense, year-round 
malaria transmission, death from malaria is much reduced in older children 
after the age of five and very rare once the child is past the age of ten years. In 
these areas, during the first one to three years of life the incidence of fatal malaria 
is at its peak and starts to decline rapidly thereafter and by the age of adolescence 
the average density of parasitemia also starts to decline. This perhaps suggests 
that there are two very different mechanisms of protection at work, anti-disease 
immunity, which develops rapidly and anti-parasite immunity, which is acquired 
rather more gradually. The erythrocytic stages of the parasite are responsible for 
the pathology induced by malaria and present a particular challenge for vaccine 
development. Blood-stage parasites are surrounded by several membrane sys- 
tems and develop within erythrocytes, which lack class I and class II MHC anti- 
gens and thus remain ‘invisible’ to the immune system of the host. However, 
blood-stage antigens have the potential to induce protection in primates against 
P. falciparum challenge [92], indicating the possibility to develop effective blood- 
stage vaccines. With regard to individuals living in endemic regions, vaccine- 
induced immunity does not necessarily have to be sterile. Controlled malaria 
infections could rather serve the purpose of repeatedly boosting the immunity. 



4.2.2 

Erythrocytic Stage Antigens 

A number of different stage-specific antigens are considered as potential vaccine 
candidates, the merozoite surface protein- 1 (MSP- 1 ) antigen being the most stud- 
ied of these [93, 94]. MSP-1 is initially synthesized during schizogony as a high 
molecular weight 195 kDa precursor protein and is expressed on the surface 
of the merozoites [95]. The complete amino acid sequence of the polymorphic 
MSP-1 molecule is now documented for an impressively large number of geo- 
graphical strains of P. falciparum and clearly demonstrates blocks of variable, 
constant and dimorphic regions [96, 97]. The precursor protein undergoes pro- 
teolytic processing at the maturation of schizonts to give 83 kDa, 28-30 kDa, 
38 kDa and 42 kDa fragments [98]. The membrane bound 42 kDa fragment un- 
dergoes another phase of processing to produce 33 kDa and 19 kDa fragments. 
During the invasion of erythrocytes, the 19 kDa fragment is retained on the 
surface of the merozoite and the same is also found present in the newly invaded 
erythrocyte [99] leading to the suggestion that the 19 kDa protein may be 
playing critical role in merozoites invasion of erythrocytes [99]. 

The data suggesting a role for MSP-1 in inducing protective immunity are ex- 
tensive. A number of sero-epidemiological studies has suggested an association 
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between humoral, and in some cases cellular, responses to the C-terminal 
MSP-I19 or MSP-I42 fragments of MSP-1 [100-104]. Recent studies have also in- 
dicated that mainly the antibodies directed against the 19-kDa C-terminal frag- 
ment are responsible for protective immunity [105]. Affinity purified native 
MSP-1, induced protection against P. falciparum and P.yoelii parasite challenge 
in primate and rodent model systems, respectively [92, 98] . Similarly, MSP-1 iso- 
lated from cultured parasites protected Aotus and Saimiri monkeys against chal- 
lenge with P. falciparum [106, 107]. The work done by us and others with con- 
structs based on B- and T-cell epitopes from conserved MSP-1 sequences, has 
shown that synthetic hybrid multiple antigen peptides based on P. falciparum se- 
quences are highly immunogenic and partially protect mice against a heterolo- 
gous challenge [108, 109]. Studies in the murine model have also provided evi- 
dence that both cellular and humoral responses generated against MSP-1 may 
have crucial role to play vis a vis protection [110-112]. 

Other P. falciparum antigens identified on the surface of merozoites and 
shown to be targets of parasite-neutralizing immune responses are MSP-2, 
MSP-3, AMA-1, EBA-175 and SERA. The merozoite surface protein-2 (MSP-2; 
45-55 kDa) is anchored to the merozoite surface membrane by glycosyl phos- 
phatidyl inositol (GPI) [113] and its involvement in protective immune responses 
was indicated by the merozoite invasion inhibitory effect of MAbs to the antigen 
[113, 114]. While merozoite surface protein-3 (MSP-3; 50 kDa) is found associated 
with the merozoite surface only after schizont rupture, it exists in the para- 
sitophorous vacuole when in the infected erythrocyte [115]. The antigen was 
identified as a major target for antibody-dependent cell immunity (ADCI) in 
vitro, as demonstrated with IgG from malaria immune adults, acting in cooper- 
ation with monocytes [115]. 

The apical membrane antigen- 1 (AMA-1) is a 66-83 kDa integral membrane 
protein located in the rhoptries of the apical complex and on the surface of mero- 
zoites [96, 1 16]. There is relatively indirect evidence that AMA-1 is a target of pro- 
tective immunity. Although there is high prevalence of anti- AMA-1 antibodies in 
West Africans exposed to malaria, no correlation was found with parasitemia or 
clinical malaria [117].The erythrocyte binding antigen-175 (EBA-175) of P. fal- 
ciparum (PfEBA-175) and the duffy antigen binding protein (DBP) of P. vivax 
and P. knowlesi (Pv/PkDBP) also are typical integral membrane proteins and are 
present in the micronemes of merozoites. The extracellular domains of these pro- 
teins can be divided into six regions based on sequence homology, out of which 
region II was identified as the critical binding domain in the in vitro erythrocyte 
binding assays [118]. Antibodies against recombinant forms of PfEBA-175 R-II 
were shown to inhibit merozoite invasion of erythrocytes in vitro [119]. Anti- 
bodies raised in rabbits against E. coli expressed and refolded PvDBPRII were 
shown to inhibit erythrocyte binding to GOS cells bearing PvDBPRII on the sur- 
face [120]. Eurthermore, sera from New Guinean adults or P. vivax infected North 
Americans contained antibodies reactive with recombinant PvDBP [121]. It has 
been reported, at least in the case of PfEBA-175, that some parasites can invade 
through a sialic acid-independent pathway [ 122]. Thus immunization with EBA- 
175 maybe circumvented if this molecule is not absolutely required for invasion, 
suggesting that probably EBA-175 alone may not be suitable as an anti- P. f aid- 
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parum vaccine but, nonetheless, there is clear rationale for receptor blocking vac- 
cines designed to inhibit receptor-ligand interactions of this protein. 

The serine repeat antigen (SERA) is a 120 kDa soluble protein localized in the 
parasitophorous vacuole of late erythrocytic stage parasites. There is only indi- 
rect evidence about the role of SERA in naturally acquired immunity. Antibod- 
ies against SERA were shown to agglutinate merozoites and prevent invasion and 
growth in vitro [ 123, 124]. No seroepidemiological evidence is available to indi- 
cate a role of SERA in the acquired immunity. Nonetheless a number of vaccine 
studies has been conducted in animals and the data support the inclusion of 
SERA in a multicomponent malaria vaccine. 

The rhoptry-associatedproteins-1 and -2 (RAP-1 and-2) are localized to the 
rhoptries and are tightly associated in the form of a complex [125]. Antibodies 
against this protein are reported to inhibit the merozoite invasion of erythro- 
cytes. More evidence of involvement of RAP-1/2 in naturally acquired immunity 
was provided by an immunological survey in Papua New Guinea where over 80% 
adults were found to have antibodies against this complex [ 126]. 

The acidic basic repeat antigen (ABRA) is another important merozoite sur- 
face protein and is found in the immune clusters of merozoites upon release from 
erythrocytes. The protein, as its name suggests, is rich in acidic and basic amino 
acid residues. Moreover, the sequence of this protein is highly conserved among 
field isolates. We have been interested in characterization of this unusually highly 
conserved protein and to develop it as a potential vaccine candidate. We showed 
that recombinant fragments of ABRA possess chymotrypsin-like serine protease 
activity [126a] and that polyclonal antibodies raised against synthetic peptides 
derived from the most hydrophilic regions of ABRA and the recombinant frag- 
ments based on different parts of the protein inhibited merozoite invasion of 
erythrocytes in vitro in 50-90% [ 126b, c]. Our further studies have shown that the 
recombinant N-terminal fragment of ABRA, which contains all five of the cys- 
teine residues, interacts with the erythrocyte surface protein, band 3 (Chauhan 
et al, unpublished results). Similarly, the native ABRA protein isolated from P. fal- 
ciparum cultures also shows binding with band 3 protein. Recently, ABRA or- 
thologues have been reported from P. vivax and the simian malaria parasites, 
P. cynomolgi and P. knowlesi and were named as MSP-9, placing this protein in a 
growing family of merozoite surface proteins [ 126d]. Most interestingly, proteins 
from all these species have positionally conserved cysteines underlining an im- 
portant but as yet imidentified role for this antigen. Eurther unraveling of the bio- 
chemical function of ABRA will warrant its induction into the multicomponent 
malaria vaccine. 

Parasitization of the erythrocyte leads to changes of the cell surface, involv- 
ing both modified host structures and the expression of P. falciparum erythro- 
cyte membrane protein- 1 (PfEMP-1) (200-400 kDa) [127]. PfEMP-1 is the mol- 
ecule primarily involved in the binding to vascular endothelium, and would thus 
seem an ideal target for the immune attack. Unfortunately, the parasite has 
developed an extraordinary capacity for phenotypic variation of PfEMP-l, pre- 
sumably as a means of immune evasion [ 128] . The ring infected erythrocyte sur- 
face antigen (RES A) is a 155 kDa protein localized in the dense granules of the 
apical organeller complex in merozoites and is translocated to the cytoplasmic 
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side of the erythrocyte membrane after invasion [129]. Antibodies against RESA 
inhibited invasion in in vitro assays [130] and protected monkeys in passive 
transfer experiments [131]. Moreover, a number of longitudinal seroepidemio- 
logical studies suggested a correlation between anti-RESA antibodies and re- 
duced parasitemia or clinical episodes [132-135]. 



4.2.3 

Human and Non-Human Primate Trials of Vaccines Based on Erythrocytic Stage Antigens 
(Table 2) 

A number of animal immunization studies have been carried out with native and 
recombinant MSP- 1 19/42 antigen with mixed results. Using an affinity-purified 
preparation of MSP- 1 polypeptides, Aotus monkeys were protected from malaria 
with a formulation containing Ereund’s adjuvant, whereas the same polypeptides 
did not protect animals in an alternate adjuvant formulation [92, 136]. Similar 
results were obtained with recombinant constructs in monkeys [106, 137, 138]. 
Recombinant C-terminal fragments of MSP-1 expressed in baculovirus 
(PfMSP- 142 ) or yeast (PfMSP- 119 ) were shown to partially protect Aotus monkeys 
[139-143]. Similarly, rhesus monkeys were protected against P. cynomolgi infec- 
tion by immunization with E. coli produced recombinant PCMSP-I 19 [144]. Par- 
tial protection was also obtained in monkeys immunized with recombinant frag- 
ments of MSP-1, fused with universal T helper epitopes [145-147], but a similar 
construct failed to protect monkeys in another study [148]. A similar construct 
was tested in a phase I trial in humans to study immunogenicity and safety [ 149]. 
In various animal and human studies, protection obtained with recombinant 
MSP-1 fragments, however, was found to be adjuvant-dependent. Vaccines for- 
mulated in complete Ereund’s adjuvant only induced protective immunity and 
animals immunized with same antigen but formulated with six different adju- 
vants suitable for human use were not protected [142]. These studies thus sug- 
gest that C-terminal fragments of MSP-1 are very promising targets for human 
vaccination, provided that an adequately effective and tolerable adjuvant is avail- 
able for human use. The C-terminal 19 kDa fragment is rich in cysteine residues 
that are highly conserved, and contains epidermal growth factor (EGE)-like do- 
mains and antibodies directed against this fragment in both P.yoelii and P. fal- 
ciparum can inhibit the invasion of merozoites [150]. The inhibitory antibodies 
are directed to conformational epitopes present in one or both the EGE-like do- 
mains [104, 151-153]. The antigenicity of the EGE-like domains, however, is con- 
formation dependent since reduction of disulfide bonds abolishes immuno- 
genicity [154]. It has also been shown that the integrity of both the domains is 
vital to protection [155, 156]. 

Several studies have explored protective efficacy of other erythrocytic stage 
antigens in primates and humans. Partial protection was observed in rhesus 
monkeys immunized with native P. knowlesi AMA-1 formulated in saponin ad- 
juvant [157]. Similarly, 4 of 5 Saimiri monkeys were partially protected against 
the P. fragile challenge after immunization with baculovirus expressed PfAMA- 
1 formulated in Montanide ISA 720 [ 158], and the degree of protection appeared 
to correlate with the antibody response following immunization. A recombinant 
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Table 2. 


Human and non-human primate trials of vaccines based on 


the erythrocytic stage can- 


didate antigens 










Antigen 


Form of 


Description 


Host 


Protection 


Ref. 




vaccine 










SPf66 


Synthetic 




Monkey 


Partial 


[231-233] 




peptide 




Human 


Partial 


[173-176, 

234-238] 








Human 


None 


[177-180] 








Human 


ND 


[239-241] 


MSP-1 


Native 


Parasite derived affinity 
purified antigen 


Monkey 


Partial 


[92, 136] 




Synthetic 


Corresponding to the 
N-terminus 


Monkey 


Partial 


[244] 




Recom- 


From N- and C-terminus 


Monkey 


Partial 


[137] 




binant 


Corresponding to aa 147-321, 
147-321 and 1060-1195 


Monkey 


Partial 


[138] 






C terminal fragment of MSP-1 
fused with universal T epitope 
CS.T3 


Monkey 


Partial 


[145, 146] 






42- and 19-kDa C terminal frag- 
ments produced in E. coli and 
yeast, respectively 


Monkey 


Partial 


[140] 






42-kDa C-terminal fragment 
produced in baculovirus 


Monkey 


Partial 


[139] 






42- and 19-kDa C-terminal 


Monkey 


Partial 


[144] 






fragments produced in 
baculovirus 












19-kDa C terminal fragment 
fused with P2 and P30 pro- 
duced in yeast 


Monkey 


Partial 


[147] 






19-kDa C terminal fragment 
fused with P2 and P30 


Monkey 


Partial 


[143, 142] 






42- and 19-kDa C-terminal 


Monkey 


Partial 


[141] 






fragments fused with P2 and 
P30 produced in baculovirus 
and yeast, respectively 












Recombinant vaccinia virus 
expressing MSP-1 


Monkey 


None 


[167] 






19-kDa fragment produced 
in E. coli 


Monkey 


None 


[243] 






19-kDa fragment fused with 
P2 and P30 produced in yeast 


Monkey 


None 


[148] 






C-terminal fragment fused 
with universal T helper epitope 


Human 


None 


[170] 






CS.T3 


Human 


ND 


[149, 169] 






Fusion protein comprising 
of MSP-1, SERA and HRP-II 


Monkey 


Partial 


[242] 
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Table 2 (continued) 



Antigen 


Form of 


Description 


Host 


Protection 


Ref. 




vaccine 












DNA 


DNA vaccine plasmid 


Monkey 

Monkey 


Partial 

None 


[200] 

a 


RESA 


Recom- 

binant 


Recombinant protein pro- 
duced in E. coli 


Monkey 


Partial 


[165, 245] 






Recombinant vaccinia virus 


Monkey 


None 


[167] 






Recombinant protein 


Human 

Human 


None 

ND 


[170] 
[169, 246] 


AMA-1 


Native 


Affinity purified 


Monkey 


Partial 


[157] 




Recom- 

binant 


Recombinant protein pro- 
duced in baculovirus 


Monkey 


Partial 


[158] 






Recombinant protein pro- 
duced in yeast 


Monkey 


None 


[159] 






Recombinant vaccinia virus 


Monkey 


None 


[167] 




DNA 


DNA vaccine plasmid 


Monkey 

Monkey 


Parial 

None 


[200] 

a 


MSP-2 


Recom- 

binant 


Fusion proteins comprising 
of fragments of MSP-2, SERA 
and HRP-II 


Monkey 


Partial 


[242] 






Recombinant vaccinia virus 


Monkey 


None 


[167] 






Recombinant protein 


Human 

Human 


None 

ND 


[170] 

[169] 


SERA 


Recom- 

binant 


Recombinant fragments 
corresponding to aa 24-285 
and aa 24-506 


Monkey 


Partial 


[162-164] 


RAP 1/2 


Native 


Gel purified parasite protein 


Monkey 


Partial 


[247] 




Recom- 


Recombinant protein 


Monkey 


Partial 


[166] 



binant 



Bhardwaj et al. unpublished data. 



P. vivax AM A- 1 protein pro duced in E. co li, however, failed to protect rhesus mon- 
keys from a heterologous challenge with P. cynomolgi parasites [159]. The pro- 
tection conferred by AM A- 1 was shown to be dependent on the formation of cor- 
rect disulfide bonds in the ectodomain of E. coh'-expressed recombinant 
P. chabaudi AMA-1 [160] since reduction and alkylation of the refolded recom- 
binant protein abrogated the protection in mice, underlining once again the need 
to produce recombinant material in a properly refolded conformation for the vac- 
cine to be effective. 

Several studies have assessed the vaccine potential of native and recombinant 
SERA in animals. Immunization of Saimiri monkeys with native SERA formu- 
lated with either CEA or alum and of Aotus monkeys with recombinant proteins 
based on SERA using either CEA or an oil-in-water emulsion provided partial 
protection from parasite challenge [161-164]. Recombinant vaccines based on 
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RESA, and RAP- 1/2 antigens also provided partial protection in monkeys [165, 
166]. However, in later studies RESA did not produce protective immunity in 
monkeys [167, 168]. Human trials in Papua New Guinea with three recombinant 
antigens, MSP-1, MSP-2 and RESA, formulated in Montanide ISA 720 were re- 
cently concluded. The volunteers developed low antibody responses and, upon 
challenge with rather low dose inoculum, developed patent parasitemia. In this 
study there was no significant difference in the immunized and control subjects 
in the initial parasite growth rates [169, 170] indicating the lack of efficacy of the 
vaccines and/or their formulations with Montanide adjuvant. 

Several animal and human trials were carried out with a synthetic peptide 
construct named SPf66 beginning in late 1980s (Table 2). This vaccine was based 
on sequences derived from three erythrocytic stage antigens that were selected 
from a battery of peptides tested in Aotus monkeys for their ability to confer par- 
tial or significant protection from the parasite challenge. Three peptides from 35, 
55 and 83 kDa proteins were linked together by the repeat region peptide PNANP 
of the PfCS protein [171]. The vaccine has proved to be safe and was well toler- 
ated without any severe side effects in many animal and human trials including 
young children and infants. Several field trials in Latin America were done with 
this vaccine, with an efficacy of 38.8-60.2% [172-174]. Surprisingly however, 
there was no correlation between the antibody titers against SPf66 and the inci- 
dence of malaria episodes. Moreover, SPf66 was found to be a poor immunogen 
that provided little or no protection against P. falciparum infection in further 
trials conducted at other sites [175-180]. Although safe and variably immuno- 
genic, the mode of action, if any, of the SPf66 vaccine is still largely unknown and 
must be established in order to facilitate any improvements in the design of the 
vaccine. Despite its shortcomings, SPf66 was the first chemically synthesized mol- 
ecule based on multiple antigenic determinants that was found to be safe and im- 
munogenic in humans. This must be considered a landmark achievement in the 
field of synthetic subunit vaccine development in general and particularly in 
malaria vaccine against the blood stage parasite. 



4.3 

Sexual Stage Vaccines 

The sexually reproductive stages of the malaria parasite, which are responsible 
for disease transmission by the mosquito vector, are targets for transmission 
blocking vaccines. Transmission may be blocked by non-specific factors such as 
cytokines or by antibodies that specifically recognize unique antigens expressed 
by gametocytes, thereby preventing parasite differentiation in the mosquito mid 
gut [17]. Transmission blocking capacity was shown in experimental in vivo 
models by vaccination of turkeys and chickens with the extracellular male or fe- 
male gametes that induced immunity in the birds and that could completely pre- 
vent the ability of a subsequent malaria infection of the same species of parasite 
from the infecting mosquitoes. The target antigens for this immunity were iden- 
tified on the surface of the gametes, zygote and ookinete stages of the parasites. 
These include Pfs230 [181] and Pfs48/45 or Pfs25 and Pfs28 [182], which appear 
on the surface of gametes or zygotes, respectively. All these antigens are rich in 
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cysteines and are expected to have a highly ordered structure. Of these, Pfs25 and 
Pfs28 have four EGF-like domains each. One of these antigens, Pfs25 was ex- 
pressed in yeast and formulated with alum as an adjuvant for testing in phase I 
clinical trials. Serum from these subjects when tested, had moderate, but sub- 
optimal, transmission blocking effects - a 50% reduction in infectivity of P. fal- 
ciparum to mosquitoes compared to controls. Further testing of Pfs25 and its 
P. vivax homologue is being planned with alternative adjuvant systems. 



4.4 

Vaccines against P. vivax Malaria 

Efforts to develop vaccines for P. vivax have largely been overshadowed due to the 
enormous toll of mortality caused by P. falciparum in Africa and relatively less 
investment has been made in this equally important area. P. vivax imposes a se- 
rious burden of morbidity and is a serious threat to non-immune persons trav- 
eling to endemic areas from malaria-free regions. There may be 50-75 million 
cases of P. vivax malaria annually according to the World Health Organization. 
P. vivax causes an infrequently fatal but debilitating disease that seriously impairs 
quality of life and economic productivity. A number of P. vivax strains resistant 
to chloroquine have been identified in India, Indonesia, Myanmar etc., eventually 
these strains will spread widely, leading to an increase in the worldwide preva- 
lence of P. vivax. 

Development of a P. vivax vaccine has been slowed down mainly due to the 
non-availability of a convenient method of in vitro cultivation of P. vivax, which 
has made it difficult to obtain the biological raw material for vaccine develop- 
ment and testing. Lack of a reliable challenge system for humans also contributes 
to the slower than required pace of vaccine development. In the absence of in 
vitro production of gametocytes that could be used to infect laboratory reared 
mosquitoes, it is difficult to conduct volunteer challenge studies and the effec- 
tiveness of a vaccine can be measured only by conducting clinical trials in an en- 
demic area. 

As with P. falciparum, vaccines against P. vivax may be desgined for different 
stages of the life cycle. The rationale for a P. vivax vaccine is largely based on the 
analogy with the successful immunization of human volunteers with y-sporo- 
zoites of P. falciparum or with the naturally acquired immunity to P. falciparum 
infection seen in the residents of areas of endemic infection. Most of the studies 
done with P. vivax candidate antigens have been carried out in monkeys and only 
a few candidate vaccines have reached the stage of human trials. These are sum- 
marized in Tables 1 and 2. Thus, vaccines based on P. vivax CS and TRAP of pre- 
erythrocytic stages, MSP-1, AMA-1 and the DBP of the erythrocytic stage and 
the those based on the sexual stage antigens are being developed and tested at 
various stages of development. In addition, an increasing number of P. vivax or- 
thologues of already identified and characterized P. falciparum genes is being dis- 
covered. It is likely that, as with P. falciparum, an effective, broadly useful vaccine 
against P. vivax will require the induction of several types of immune responses 
against multiple parasite antigens and many different technologies are being em- 
ployed for this purpose. 
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The Malaria research group at ICGEB with support from the World Health 
Organization, the Malaria Vaccine Initiative, Government of India and in collab- 
oration with industrial partners has developed optimized protocols for produc- 
tion of recombinant 19- and 42 -kDa fragments of PvMSP-1 and the RII of PvDBP. 
The infrastructure and procedures to produce gram amounts of these proteins 
under GMP conditions in biochemically active forms are in place. The immuno- 
genicity studies in animals and toxicity studies are currently underway. Human 
clinical trial sites are being developed and trials should start in due course. 
In parallel efforts are being made to develop a non-human primate model for 
P. vivax malaria. P. cynomolgi, the simian agent of malaria naturally infects rhe- 
sus monkeys and bears close resemblance with P. vivax biologically, immuno- 
logically and patho-physiologically. The P. cynomolgi-ihesus model may allow a 
reliable and reproducible sporozoite challenge to test the efficacy of vaccine can- 
didate antigens orthologous to known and well characterized P. vivax antigens, 
vaccine formulations and immunization schedules. In our studies with recom- 
binant P. cynomolgiTRAP (PcTRAP), partial protection was obtained in the rhe- 
sus monkeys. Similar studies with other antigens such as PcMSP-1 19 / 42 , RII of 
PcEBA (orthologue of PvDBP) and PcGS with different adjuvant formulations 
and as DNA vaccines are planned for the immediate future. 

5 

Alternate Technologies for Delivery of Vaccine Antigens 

Although a number of malaria vaccine candidate antigens have been identified, 
extensive research is still being done to find the most suitable ways to deliver the 
same in order to elicit appropriate immune responses. In fact malaria vaccine de- 
velopment efforts have been the torchbearer in the field of vaccine development 
per se. Eor example, the first synthetic peptide-based vaccine that was adminis- 
tered in humans was a malaria vaccine, which opened the way for such efforts in 
other disease situations. It is now well known that cytotoxic cellular immune re- 
sponses play a key role in providing protection against the liver stages. Also it is 
being increasingly realized that an effective malaria vaccine would need to induce 
long-lasting immune responses against the different stages of the parasite life- 
cycle. Hence a multi-antigen/multi-stage vaccine would perhaps be the most ef- 
fective way to counter malaria. Gonventional approaches of making recombinant 
vaccines impose a restraint on the number of proteins or fragments thereof 
which can be included in a multi-antigen vaccine owing largely to the logistic dif- 
ficulties in production of more than a few recombinant proteins in the correctly 
folded form. Erom the viewpoint of a developing country such as India such a 
proposition is not economically feasible. 

DNA vaccination is the latest and promising development in the field of vac- 
cinology and has revolutionized the science of vaccine development and offers 
many logistic advantages over the traditional forms of vaccines. The technology 
of DNA vaccination also provides a platform for construction of multi-compo- 
nent/multi-antigen vaccines in a cost effective manner compared to a multi-com- 
ponent recombinant protein vaccine. The observation that immunization with 
naked DNA could lead to strong and persistent cellular and humoral immune re- 
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sponses initially surprised many scientists working with conventional protein 
vaccines [ 183-186]. Moreover, DNA vaccines provided protection from pathogens 
in various disease models [187-190]. The ability of DNA vaccines to induce cel- 
lular immune responses against the encoded antigens was particularly useful for 
malaria researchers and was put to test in the murine models. Immunization with 
plasmid DNA bearing PyCSP gene provided protection to 68% of the immunized 
mice from sporozoite challenge [191] in a genetically restricted manner. Antigen 
specific CTLs were induced in the DNA immunized animals and protection was 
dependent on the presence of CD8'^ T cells and IFN-y [191]. The genetic restric- 
tion of this DNA vaccine in mice was circumvented by immunization with a mix- 
ture of two plasmids encoding PyCSP and PyHEP17 antigens. The protection was 
completely dependent on the generation of IFN-y secreting CD8'^ T-cells, and/or 
nitric oxide [192]. In a recent human trial, immunization with naked DNA was 
shown to be safe and resulted in antigen-specific low to moderate CTL responses 
[193]. Rhesus monkeys were immunized simultaneously with four DNA plasmids 
encoding different P. falciparum proteins from the sporozoite and liver stages to 
study immune responses against multi-antigen DNA immunization. The results 
obtained in rhesus monkeys [194], provided the foundation for ongoing clinical 
trials in humans with a multigene P. falciparum DNA vaccine [195]. Promising re- 
sults were also obtained with DNA vaccines encoding blood-stage antigens 
(PyMSP-1) in murine models [196-198]. Animal studies are being done with 
other important erythrocytic stage antigens such as SERA, RAP- 1/2 also. 

Although a great tool, DNA vaccination at best has provided incomplete pro- 
tection only. Ways and means to improve the immunogenecity and efficacy of 
DNA vaccines are being explored. These include heterologous prime-boost, co- 
immunization with cytokine plasmids and better and alternate methods and 
routes of DNA delivery or a combination of these. In this context boosting of 
DNA primed mice with recombinant poxvirus expressing same antigen has 
yielded the best results so far [59, 199]. Better protection was observed in mice 
immunized with either the PbCS or PyCS DNA vaccines when heterologous 
boosting with the recombinant vaccinia viruses expressing the same antigens fol- 
lowed the priming with DNA plasmids. The heterologous prime-boost approach 
resulted in higher CTL response and lEN-ysecreting CD8'^ T cells which corre- 
lated well with protection. Flowever, in a recent trial with a multivalent DNA vac- 
cine encoding four antigens from the pre- and erythrocytic stages of P. knowlesi 
provided no protection to monkeys from sporozoite challenge in a DNA-vaccinia 
heterologous prime-boost approach [200]. Poor results were also obtained in Ao- 
tus monkeys where DNA primed animals were boosted with recombinant PfEBA- 
175 protein [201]. Some studies have reported higher immunogenicity when the 
DNA plasmids were coated on gold particles and delivered by a gene gun; even 
so, little data is present on the effect of the enhanced immune responses on pro- 
tection in primates or humans. It appears that the success of DNA vaccines will 
largely depend on the ability to efficiently deliver the vaccine DNA in vivo [202]. 
Use of virus-like particles is another alternate vaccine delivery system and has 
been demonstrated to be effective in boosting protective immune responses in 
mice [203-205]. Once again, there are no data so far in primates or humans to in- 
dicate the efficacy of such vaccines. 
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Vaccination with recombinant vaccinia viruses presents an attractive alterna- 
tive for the delivery of antigens and recombinant viruses expressing antigens 
from pathogenic agents have been shown to be capable of inducing both hmnoral 
and cellular protective immune responses. In an early study with recombinant 
vaccinia virus expressing four proteins from the erythrocytic stage of P. falci- 
parum failed to protect Saimiri monkeys from parasite challenge [167]. Later, an- 
other malaria vaccine was engineered in NYVAC, a highly attenuated strain of 
vaccinia, to express seven proteins from all stages of the Plasmodium life cycle; 
three exo-erythrocytic stage antigens (CS,TRAP and LSA-1), three erythrocytic 
stage antigens (MSP- 1, AM A- 1 and SERA), and one sexual stage antigen (Pfs25) 
were cloned. Each of these antigens was expressed in cultured cells infected with 
recombinant vaccinia, NYVAC-Pf7 [206]. The vaccine was found to be safe and 
immunogenic in rhesus monkeys. A phase I/IIa immunogenecity and efficacy 
trial was done with three immunizations with two different dosages. The vaccine 
was safe and variably immunogenic, with generally poor antibody responses. 
However, >90% of the volunteers elicited cellular immune responses and 1 out of 
35 challenged subjects was completely protected, and there was a significant de- 
lay in time to parasite patency in the groups of volimteers who received either the 
low or high dose of vaccine compared with control volunteers [207]. 

In an attempt to create a multiantigen/multistage vaccine against P. falci- 
parum, a string-of-beads approach was employed. A synthetic gene was con- 
structed to encode 12 B cell, 6 T cell proliferative and 3 CTL epitopes derived from 
nine P. falciparum stage specific antigens corresponding to the sporozoite, ery- 
throcytic and sexual stages and a universal T cell epitope from tetanus toxoid 
[208, 209]. The protein expressed in the baculovirus expression system induced 
high levels and long-lasting antibody responses against the vaccine in rabbits im- 
munized with different adjuvant formulations. All animals had strong and com- 
parable lEA titers against sporozoites, moderate against merozoites, and low 
against gametocytes. The antibodies to this vaccine almost completely inhibited 
invasion (98% inhibition) at a concentration of 50 pg/mL. This vaccine offers 
multiple layers of protective immune responses, capable of preventing infection 
at multiple stages in the parasite's life cycle. Evaluation of the protective efficacy 
of this vaccine in non-human primates is currently under progress. 

6 

Search for Human Compatible Adjuvant for Malaria Vaccine 

Adjuvants, “substances used in combination with a specific antigen that produce 
more immunity than the antigen alone”, are common components of the vac- 
cines. Presently aluminium salts are the only adjuvants approved for human use. 
Although safe and non-toxic, alum is a weak adjuvant for antibody induction to 
protein subunits and poor for cell-mediated immunity. The problem is com- 
pounded by the fact that most of the malaria vaccine candidates based on the 
conserved features of the antigens are rather poor immunogens. This problem 
was recognized early in the field of malaria vaccine development and is being ad- 
dressed by developing new and better adjuvants suitable for human use. In fact 
in a large way malaria vaccine field is responsible for the search for better for- 
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mulations and delivery technologies for human use. Over the past few years many 
experimental adjuvants have advanced to the stage of clinical trials and some 
have shown high potency. In this regard, an oil-in-water emulsion containing 
monophosphoryl lipid A and QS2 1 has undergone a number of preclinical and 
clinical studies with the RTS, S vaccine and has been found suitable for induction 
of humoral and cellular immune responses [87, 210]. The formulation, although 
safe and non-reactogenic, was found to be capable of inducing only partial pro- 
tection in humans [88,211,212]. In a phase I clinical trial in Papua New Guinea 
another adjuvant, Montanide ISA 720 was used to study immunogenecity and 
safety of three recombinant malaria antigens namely MSA-1, MSA-2 and RES A. 
Antibody and T cell responses were detected against all three antigens and the 
vaccine formulation was found to be safe and only mildly reactogenic [ 169, 213], 
but did not raise protective immune responses as assessed by the differences in 
the initial growth rates of parasite in the control versus immunized volunteers 
[170]. In Aotus monkeys, an MSP-1 based vaccine produced in baculovirus was 
tested with MF59 lipid particulate adjuvant in comparison with Freund’s adju- 
vant. However, protection was seen only in animals immunized with the formu- 
lation containing Freund’s adjuvant [141]. Similarly,in another study with MSP- 
1 19 based vaccine formulated in six different adjuvants, protection was seen only 
in the animals immunized with vaccine formulated in Freund’s adjuvant [142]. 
Other adjuvants being tried for malaria vaccines include CpG oligonucleotides. 
CpG dinucleotides are abundantly present as unmethylated motifs in the bacte- 
rial DNA and are capable of stimulating innate immune response in vertebrates 
acting as “danger signals.” Synthetic oligonucleotides containing these motifs in 
the “context” can mimic the danger signal and have demonstrated great utility as 
vaccine adjuvants and immunopotentiators. Aotus monkeys were immunized 
with synthetic peptides based on sequences of PfCS protein formulated in Mon- 
tanide ISA 720 with and without CpG ODN. The animals receiving vaccine along 
with CpG exhibited significantly greater immune responses as compared to the 
ones that were immunized with a vaccine without the CpG [214]. In a separate 
study humans were immunized with a vaccine based on the PfCS antigen en- 
capsulated in liposomes with monophosphoryl lipid A. Although safe and im- 
munogenic, the vaccine did not protect immunized volunteers from sporozoite 
challenge [215]. So far, results with formulations based on different adjuvants 
have been rather disappointing and emphasize the need to develop more effec- 
tive adjuvants. 

7 

Malaria Vaccine Development in the Post-Genomics Era 

Although malaria vaccine development has focused on nearly 20 putative vaccine 
candidates for as many years, as yet only two-RTS, S and SPf66 have undergone 
extensive clinical trials. With the sequencing of the Plasmodium genome nearing 
completion, the number of candidate antigens to be screened is expected to in- 
crease manifold. The effort to screen all, approximately 5000, genes will require 
some extraordinary techniques to be employed. The DNA vaccines, or “vacci- 
nomics” may provide us with the right tools to complete this daunting task [216]. 
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The most feasible approach could be identification of the proteins that are ex- 
pressed by the radiation-attenuated sporozoites in the infected hepatocytes by 
DNA microarray techniques using the cDNA. However, because in vitro infection 
of hepatocytes with P. falciparum sporozoites is extremely inefficient, obtaining 
adequate amounts of mRNA will be difficult. In another strategy, PCR amplifi- 
cation of all open reading frames (ORFs) and cloning into DNA vaccine plasmids 
or linear expression elements can be performed. Screening of antisera obtained 
from mice immunized with individual constructs against radiation-attenuated 
hepatocytes could then identify the corresponding DNA sequences (ORFs). The 
corresponding epitopes capable of binding the HLA class I molecules from these 
genes will be subsequently predicted from the existing algorithms and validated 
for binding to class I HLA proteins in vitro. Assembling these peptides, typically 
tens of thousands of them, in a “string-of-beads” fashion on DNA vaccine plas- 
mid(s) would then provide us with the reagents to test for their ability to induce 
protective immunity in humans. A different approach would be needed to de- 
velop an antibody-based erythrocytic stage vaccine. Antisera generated by im- 
munization with the ORFs can be used to localize surface expressed and secreted 
proteins in the erythrocytic stages of Plasmodium. The DNA plasmids that 
induce such antibodies can be used in a mixture of all of them to immunize 
volunteers in the malaria endemic areas to prime the immune system in subjects 
living in these areas followed by experimental challenge studies. Conventional 
protein-by-protein or gene-by-gene approaches cannot be envisioned to handle 
the vast amount of data generated by genome sequencing efforts. 

8 

Hurdles in the Way to Develop Effective Malaria Vaccines 

Malaria vaccine development is a complex and formidable challenge; the basis for 
malaria immunity, in spite of a tremendous amount of research remains ill un- 
derstood. The malaria parasite has a fascinating but hugely complex life cycle. It 
goes through different stages of development with little if anything, in common 
between them. Different proteins are expressed at different stages, some on the 
surface of the infected cell whereas some may be secreted out at different times. 
Scientifically, two issues stand out with reference to malaria vaccine development. 
The first one is of extensive antigenic polymorphism observed in the case of Plas- 
modium proteins. In particular, blood stage antigens including leading vaccine 
candidates, are polymorphic and the antigenic diversity generated as a result of 
these polymorphism remains a problem in the way of malaria vaccine develop- 
ment. It is well known in the case of major vaccine candidates that immunization 
with recombinant proteins of one strain of parasite while protective against the 
homologous strain fail to provide protection from a different strain of the para- 
site. On the other hand, however, most malaria proteins have within their struc- 
tures regions that are relatively more conserved. Interestingly, some of these con- 
served regions constitute functional domains of these proteins, for example, the 
RID of CS and TRAP and the DEL domains of EBA-I75/DABP. Vaccines that are 
being developed based on these antigens, are indeed focused on the conserved 
antigens. Rational use of these conserved regions in vaccine constructs is also 
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likely to address the problem of cryptic epitopes as has been shown in the case 
of the CSandMSP-1. 

Another major hurdle in the way of malaria vaccine development is the lack 
of appropriate in vitro correlates of protection. Results of in vitro experiments 
have not always correlated with protection in vivo or vice-versa. The sterile im- 
munity achieved in animals and humans by immunization of y-sporozoites is the 
gold standard so far, however, in the absence of a complete knowledge of the 
mechanisms of protection and due to the fact that many antigens are expressed 
in the hepatocytes infected by the attenuated sporozoites, it has been difficult to 
devise suitable in vitro tests to predict the correlates of protection. Anti-sporo- 
zoite antibodies have provided protection against viable sporozoite challenge in 
passive transfer experiments but the mere presence of these antibodies induced 
by vaccination does not correlate with protection. Similarly, although passive 
transfer of CS and TRAP specific CTL clones protects animals from viable sporo- 
zoite challenge, once again the presence of antigen-specific CTL has not corre- 
lated well with protection. Numerous antigen delivery systems induce high lev- 
els of CTL response but do not protect the immunized animals/humans. Assays 
which directly measure a relevant biological activity of humoral and cellular im- 
mune responses can be good candidate in vitro correlates of protection. Three 
such tests, the inhibition of sporozoite invasion inhibition assay, the inhibition of 
liver stage development assay, and the enumeration of antigen specific T cells se- 
creting IFN-y are being developed as the assays of choice to predict levels of pro- 
tection in response to the vaccination pending extensive validation. At the same 
time, a better understanding of the mechanisms of protection in the y-sporozoite 
vaccination model might give useful leads and better in vitro assays could then 
be developed to predict protective immunity. 

Naturally acquired immunity to malaria does not provide sterile protection, 
but is remarkably efficient at moderating the clinical effects of infection. Al- 
though there is overwhelming body of evidence that protection is primarily me- 
diated by antibodies to various surface and/or secreted merozoite antigens, data 
also indicate towards an involvement of T cells in providing protection. In the 
case of erythrocytic stage vaccines too, no valid in vitro tests have been possible 
to develop for prediction of protection inducedby vaccines. Assays that measure 
the ability of antibodies to inhibit the invasion of erythrocytes by merozoites or 
the development of intra-erythrocytic parasites have been widely used to assess 
humoral immunity induced by vaccination. Another test, the antibody dependent 
cellular inhibition assay could also provide information on the potential mech- 
anism of protection mediated by antibodies. However, no studies have yet eval- 
uated the ability of well-studied candidate vaccine antigens to elicit antibodies 
active in these assays or attempted to correlate vaccine-induced protection in 
non-human primates with activity in these assays. In a related and exciting de- 
velopment, a robust neutralization assay has been described recently for MSP- 1 19 - 
a leading vaccine candidate [ 105]. The authors described a pair of matching par- 
asite lines differing only in the MSP- 1 19 region from the parent lines. Use of these 
hybrid parasites allowed an accurate measurement of the effect of anti-MSP-li 9 
antibodies in in vitro invasion and growth inhibition tests. The technique of al- 
lelic recombination used to replace orthologous gene segments in P. falciparum 
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with those of murine parasite P. chabaudi can potentially be used, where possi- 
ble to create similar parasite lines for other leading erythrocytic stage vaccine 
candidates. Development of such new in vitro correlates that can be validated for 
vaccine potential of candidate vaccines will be most welcome step in the direc- 
tion of malaria vaccine development. 

Similarly lack of any suitable animal models for testing the efficacy of vaccine 
candidate antigens is a major problem. Models of murine malaria although very 
useful to study and understand parasite biology have not been relevant to human 
malaria vaccine development. At best these can act as useful initial screens or in- 
dicator for homologous antigens to be developed as vaccine for human malaria. 
Availability of a suitable primate model can greatly facilitate development of 
drugs and vaccines for human use. Once again however, there is no satisfactory 
monkey model for human malaria P. falciparum. Simian malarias, P. knowlesi and 
P. cynomolgi bear some similarities to human malaria P. vivax and can lead to 
useful comparative information but cannot be utilized with conviction for test- 
ing the vaccine efficacy. Although most protein homologues exist in all Plasmodia 
species, differences exist with respect to size, structure and kind of repeats and 
the sequence itself making it difficult to extrapolate results from one species to 
the other. The New World monkeys, for example, Aotus and Saimiri spp have been 
adapted for infection with some clones/isolates of P. falciparum but they are not 
natural hosts for this parasite and infection in these animals may result in in- 
consistent infection rates. At the same time trials of vaccines based on P. falci- 
parum antigens in New World monkeys {Aotus and/or Saimiri spp.) may offer a 
way to test clinical grade antigen formulations to prove efficacy against homol- 
ogous and heterologous strains. However, results of P. falciparum based vaccine 
trials in the New World monkeys have not clarified the debate whether or not ex- 
periments in these monkeys should be in the critical path of the development of 
a vaccine candidate prior to testing in large field trials. 

Production of malaria vaccine proteins or their conserved functional frag- 
ments is also not straightforward. Most vaccine candidate antigens, selected on 
the basis of their localization and/or possible involvement in functions crucial for 
parasite survival and immunogenicity,more often than not contain a large num- 
ber of cysteine residues. These residues are linked in a unique fashion to give a 
highly ordered structure which in many cases has already been shown to be cru- 
cial for appropriate protective immune responses. Thus, producing these vaccines 
by recombinant means after in vitro refolding of the overexpressed protein, par- 
ticularly when E. coli is used as the expression system of choice, presents a for- 
midable task. Production of recombinant material for clinical trials under GMP 
conditions is expensive and, given the status of malaria vaccine development, has 
been a stumbling block until recently. Even after sufficient amounts of the desired 
antigen can be produced, planning and carrying out clinical trials is a mammoth 
task. Natural malaria immunity is complex and to evaluate the effect of any in- 
tervention including a vaccine is complicated. There are no clear-cut markers and 
one may have to evaluate parameters such as reduced number of episodes, low- 
ered levels of parasitemia post vaccination. It is well known that in field situations 
a large number of individuals harbor mature parasites without showing any signs 
of clinical disease. The nature of acquired immunity thus is not very well un- 
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derstood. It becomes necessary, therefore, to target vaccine trials in infants after 
establishing the safety and immunogenicity - not an easy task. 

9 

Conclusions 

An effective malaria vaccine when available will hopefully be able to control the 
scourge of malaria in the very poor societies of the world, mostly in Africa and 
Asia. To realize this goal, additional resources are being mobilized on a global 
scale and increased government and philanthropic interests in this field is help- 
ing the research community in a great way. Efforts such as Malaria Vaccine Ini- 
tiative, with funds from the Bill and Melinda Gates Foundation, and active in- 
terest of large pharmaceutical companies such as Glaxo SmithKline with the 
World Health Organization in the forefront have started bearing fruits and a 
number of phase l/2a studies are either planned or already underway in differ- 
ent parts of the world. At the same time, more and more efforts are directed to- 
wards understanding the natural mechanisms of protection in the adult popula- 
tion of endemic areas and the one provided by the y-sporozoites in animal 
models and humans. These models of protection provide motivation in the 
search for suitable and effective vaccine candidates, delivery systems and adju- 
vant formulations suitable for human use. However, even under the most opti- 
mistic scenario with all hurdles overcome and sufficient resources at disposal, it 
will be many years before we have effective formulations that are at least as good 
as or better than the natural immune mechanisms of protection against malaria. 

10 
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Toxic side effects which often complicate successful therapy in a number of diseases possibly 
arise due to the fact that at therapeutically effective concentrations the non-target cells in the 
body are also exposed to the cytotoxic effects of the drugs. Minimization of such adverse re- 
actions might be feasible through drug delivery modalities that would reduce the uptake of the 
drugs by non-target cells and selectively deliver the drug only to the target cells (and/or in- 
tracellular sites) at relatively low extracellular concentrations. The current generic approach to 
site-specific drug delivery consists of attaching the therapeutic agent to a carrier recognized 
only by the cells where the pharmacological action is desired. Two types of recognition ele- 
ments on the surface of target cells are being exploited for this purpose, viz., (i) antigens ca- 
pable of generating specific, non-cross reactive antibodies, and (ii) receptors on the cell sur- 
face capable of efficient transport of the ligands. In general, incomplete specificity for the target 
cells and poor internalization of antibody-drug conjugates still limit the usefulness of anti- 
bodies for site-specific drug delivery applications necessitating exploration of alternatives. The 
alternate possibility is to exploit the exquisite cell type specificity and high efficiency of en- 
docytosis of macromolecules mediated by specific receptors present on the surface of target 
cells for delivering drugs. A large number of infectious, metabolic, and neoplastic diseases are 
associated with macrophages leading to morbidities and mortalities to millions of people 
worldwide, thus an appropriate design of a drug delivery system to macrophages will be of 
tremendous help. 
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Abbreviations 


LDL 


Low-density lipoprotein 


GTP 


Guanine-nucleotide triphosphate 


ATP 


Adenosine triphosphate 


GDP 


Guanine-nucleotide diphosphate 


ER 


Endoplasmic reticulum 


TGN 


trans Golgi network 


NSE 


N-ethylmaleimide sensitive fusion protein 


GDI 


Guanine-nucleotide dissociation inhibitor 


GDE 


GDI displacement factor 


GEE 


Guanine-nucleotide exchange factor 


SNAP 


Soluble NSE attachment protein 


V-SNARE 


SNAP receptor on vesicles 


T-SNARE 


SNAP receptor on target 


GAP 


GTPase activating protein 


HIV 


Human immunodeficiency virus 


AIDS 


Acquired immunodeficiency syndrome 


Ig 


Immunoglobulin 


lEN-y 


Interferon- y 


CRD 


Carbohydrate-recognition domains 


SR 


Scavenger receptor 


MESA 


Maleylated bovine serum albumin 


MTX 


Methotrexate 


PAS 


pflra-Aminosalicyclic acid 


PolyG 


Polyguanylic acid 


VSV 


Vesicular stomatitis virus 


ANS 


Antisense oligonucleotide 


DNM 


Daunomycin 



Intracellular Delivery of Drugs to Macrophages 



185 



DXR 


Doxorubicin 


MDR 


Multidrug resistance 


MDP 


Muramyl dipeptide 


IL 


Interleukin 


TNF-a 


Tumor necrosis factor-a 


EGF 


Epidermal growth factor 


EGER 


EGF receptor 


CFU 


Colony forming unit 


mg 


Milligram 


Kg 


Kilogram 


Eg 


Microgram 


mL 


Milliliter 


kDa 


Kilodalton 


BSA 


Bovine serum albumin 



1 

Introduction 

The enormous strides in improvement of human health and healthcare over the 
20th century owe much to Paul Ehrlich’s concept of chemotherapy, the use of a 
specific drug to eliminate the causal agent of a disease without undue side effects. 
However, the euphoria that chemotherapy generated was rather short-lived as the 
unacceptable side effects of many drugs began manifesting and as organisms or 
cancers, initially sensitive, started displaying resistance against the erstwhile 
highly effective drugs [1]. Toxic side effects which often complicate successful 
therapy in a number of diseases possibly arise due to the fact that at therapeuti- 
cally effective concentrations the non-target cells in the body are also exposed to 
the cytotoxic effects of the drugs. This is an inherent limitation of current phar- 
macological practice, the central dogma of which was first enunciated by Brody 
in the 1930s, viz., the effect of a drug is proportional to its concentration in the 
blood or other body fluids. However, in any disease condition, only a relatively 
small fraction of the 10*^ cells that comprise the human body needs intervention 
with drugs to cure or curb the disease. Unfortunately, many of the drugs in cur- 
rent therapeutic use have no special affinity for the diseased target cells and are 
available to the normal cells as well. Therefore, a relatively high dose of the drug 
needs to be present in the body fluids in order to attain therapeutically effective 
concentration of the drug inside the cells, which aggravates the possibility of toxic 
side reactions. The problem of delivering therapeutic agents to the target cells in- 
tended for intervention, excluding the vast majority of the 10^^ cells constituting 
a human body, thus continues to be a prime challenge in therapeutics. 

2 

Genesis of the Work 

Macrophages generate multiple defensive responses that serve to protect mam- 
mals against a variety of invading microorganisms and developing cancers. How- 
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ever, in many instances these defensive responses are overwhelmed, circum- 
vented or even misdirected so that these protective cells become the focal points 
in a large number of diseases that include the entire spectriun of infectious, meta- 
bolic and neoplastic diseases that afflict millions of people worldwide. A wide va- 
riety of pathogens has evolved to use macrophages as the host causing various 
intracellular infections that take a major toll in terms of morbidity and mortal- 
ity especially in the third world. Management of such diseases is difficult because 
the intracellular location of the causative agents provides them a measure of pro- 
tection both from the host immune system and from chemotherapeutic agents. 
Therefore, a generalized delivery system for targeting a variety of therapeutic 
agents to the cells of macrophage lineage is likely to be useful. As early as 1906 
Paul Ehrlich conceived the idea of using antibodies, which had been discovered 
only a few years previously, as carriers to target drugs selectively to the cells 
where pharmacological action is desired [2]. The current generic approach to 
site-specific drug delivery thus consists of attaching the therapeutic agent to a 
carrier recognized only by the target cells. Two types of recognition elements on 
the surface of target cells are being exploited for this purpose, viz., (i) antigens 
capable of generating specific, non-cross reactive antibodies, and (ii) receptors 
on the cell surface capable of efficient transport of the ligands. In general, in- 
complete specificity for the target cells and poor internalization of antibody-drug 
conjugates still limit the usefulness of antibodies for site-specific drug delivery 
applications necessitating exploration of alternatives. We have been exploring the 
alternate approach of exploiting the exquisite cell type specificity and high effi- 
ciency of endocytosis mediated by cell surface receptors present exclusively on 
the target cells for achieving such a selective drug delivery. Our conceptual 
approach to this problem consists of linking an appropriate drug to a macro- 
molecular carrier recognized by receptors present exclusively on the surface of 
the macrophages so that the drug conjugate can bind to the receptor with high 
affinity and undergo efficient internalization. Subsequent degradation of the 
drug conjugate in the lysosomes should lead to intracellular release of the drug 
only in the receptor-bearing cells resulting in a high intracellular concentration 
of drug in the target cells at relatively low extracellular drug levels thereby min- 
imizing toxic side reactions. In the present review, we have focused our discus- 
sion on the current perspective of selective and efficient intracellular drug de- 
livery to macrophages by receptor-mediated processes, mainly highlighting work 
done in this area in India. 

3 

Design of a Drug Carrier 

The key feature of a targeted drug is a carrier by which the drug would be rec- 
ognized and taken up only by the target cells thereby diminishing the toxic side 
effects due to the interaction of the drug with normal cells. An ideal drug carrier 
should: (a) bypass the anatomic barriers, (b) be recognized only by the target 
cells, (c) discharge the drug at or inside the target cells and not elsewhere, (d) not 
cause toxic or immune reactions, and (e) the drug-carrier complex should be 
manufacturable under sterile and apyrogenic conditions. 
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To date, no single carrier meets all the above criteria. In general, two different 
types of carriers are being developed, viz., (i) particulate and (ii) soluble macro- 
molecules. Particulate carriers are largely limited to topical applications because 
they cannot cross various anatomic barriers while soluble macromolecular car- 
riers can be used for systemic applications [3,4]. Regardless of the particulate or 
soluble nature of the carrier, the carrier for targeting it to specific cells can either 
be an antibody specific for the target cell, or a ligand for the receptor molecules 
present only on the target cells [5]. In theory, monoclonal antibody-mediated 
drug delivery appears to be a versatile and universally applicable approach for 
site-specific drug delivery. However, the initial promise of this approach is still 
somewhat clouded because: (a) most so-called specific antibodies also react with 
non-target cells, (b) often the access of the antibodies to the target cells is limited, 
(c) most antibody-drug combinations are inefficiently internalized by the cells, 
and (d) antibodies and antibody-drug conjugates often produce immunological 
reactions. 

The use of monoclonal antibodies for targeting purposes, however, is an ex- 
tremely active area of research and many of these problems are being overcome. 
For instance, monoclonal antibodies specific for some cancer cells have been at- 
tached to highly potent bacterial or plant toxins to generate immunotoxins that 
selectively destroy cancer cells. Genetic engineering approaches are also being 
explored to increase the specificity or reduce the immunogenicity of such mol- 
ecules [6]. 

4 

Receptor-Mediated Endocytosis: an Overview 

Biochemical, ultrastructural and genetic studies in a number of systems during 
the last two decades have elucidated the mechanism by which cells import macro- 
molecules for their nutrition, defense, transport and other cellular processing. 
The principles of this process, called ‘receptor-mediated endocytosis’ (Fig. 1), was 
first enunciated by Goldstein, Brown and coworkers during 1975-1983 while try- 
ing to understand the molecular basis of atherosclerosis. These studies revealed 
how mammalian cells transport large molecules such as low-density lipoprotein 
(LDL, the main cholesterol-carrying protein in man) from the exterior to the 
interior of the cells [7, 8]. They showed that specific proteins, the LDL receptors, 
on the surface of human cells bind LDL molecules with high affinity and speci- 
ficity. LDL molecules bound to these receptors are internalized efficiently by the 
cells and are ultimately delivered through several vesicular compartments to the 
lysosomes, where the protein part of the LDL molecules are degraded. LDL re- 
ceptor molecules, however, are not degraded along with LDL but are returned to 
the cell surface for use in multiple rounds of LDL delivery. Although first estab- 
lished with LDL, it later became apparent that cells use this process for trans- 
porting large molecules for a variety of purposes such as nutrition, hormone ac- 
tion, antigen processing and so on. 

In general, ligands first bind to the cell surface receptor with high affinity and 
receptor-ligand complexes get clustered into coated pits. The major component 
of the coat is a 180 kDa protein, known as clathrin [9] which interacts with the 
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Fig. 1. Receptor-mediated endocytosis of LDL. Redrawn from [78] 
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cytoplasmic tail of the receptor via a 100/50/16 kDa protein complex, termed 
adaptors [10]. Movement of the receptors into the coated pits could be sponta- 
neous or ligand induced. The next important step in receptor-mediated endocy- 
tosis is the internalization of the receptor-ligand complex. Studies with the LDL 
receptor first suggested that information for the internalization signal lies within 
the cytoplasmic tail of the receptor which is recognized by the adaptor on the cy- 
toplasmic side of the plasma membrane [11]. Analysis of the genomic DNA en- 
coding the cytoplasmic domain of the LDL receptor isolated from skin fibroblasts 
of a patient suffering from familial hypercholesterolemia revealed that a single 
base substitution converting a tyrosine to a cysteine codon at residue 807 abro- 
gated the internalization ability of the LDL receptor [12, 13]. Similarly, tyrosine 
residues in the cytoplasmic domain of the other plasma membrane receptors 
were found to be critical for their internalization [14, 15]. However, once the 
coated pit is fully invaginated, a membrane scissors is required to release the 
coated vesicle. Studies with the temperature sensitive shibire mutant of 
Drosophila melanogaster showed the accumulation of coated pits [16] which led 
to the discovery of mammalian homologue of the shibire gene product known as 
dynamin. Dynamin is a 100 kDa protein with GTPase activity which acts as a 
membrane scissors to cleave the coated pits from the plasma membrane [17, 18]. 
Subsequently, disassembly of the clathrin coat is mediated by a 70 kDa uncoat- 
ing ATPase [19] present in the cytosol leading to the formation of uncoated vesi- 
cles which are rapidly delivered together with their contents to the endosomal 
sorting compartment [20]. The endosomal compartment is a complex structure 
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of tubules and vesicles [21] which mediate the sorting of the internalized cargo 
to the subsequent compartment through vesicle fusion depending on the nature 
of the receptor. The early endosomal compartments are acidified by a proton 
pump that resides on the membrane of the respective [22] vesicles and this acidic 
environment is responsible for the dissociation of most of the ligands from their 
receptors [23]. Receptor-ligand complexes after internalization appear to follow 
multiple pathways, which vary depending on the signal carried by the receptor. 
Therefore, depending on the nature of the receptor, the receptor-mediated en- 
docytosis are classified into one of the following four types: 

1. Receptors recycled and ligand degraded in the lysosomes; e.g., low density 
lipoprotein, mannose or galactose terminated oligosaccharides/glycoproteins 
[24,25]. 

2. Both receptors and ligands recycled; e.g., transferrin, major histocompatibil- 
ity antigens [26,27]. 

3. Both receptors and ligands degraded; e.g., Fc receptors, epidermal growth fac- 
tor [15,28]. 

4. Receptors degraded and ligands transported across the cell; e.g., im- 
munoglobulin A and immunoglobulin M [29]. 



5 

Intracellular Trafficking of Endocytosed Ligands 

After endocytosis of the receptor-ligand complex, transport of materials from 
one intracellular compartment to another occurs through vesicle budding and 
fusion. Vesicles containing cargo bud from the donor compartment and deliver 
their contents to the acceptor compartment by fusion with the latter. During the 
past few years, it has been shown that the processes of vesicle budding, docking 
and fusion with the acceptor compartment are regulated by a series of small GTP 
binding proteins [30]. All these proteins regulate membrane trafficking events by 
altering between two conformations in a nucleotide-dependent fashion where 
GTP bound form turns the protein “on” and hydrolysis of the GTP to GDP turns 
the protein “off”. These activities are regulated by a series of generic and com- 
partment-specific proteins. These proteins are specifically localized on distinct 
intracellular compartments and presumably control a specific transport step [31, 
32]. Among the monomeric small GTPases, the Rab family of Ras related proteins 
[33] are well characterized as regulators of intracellular trafficking during en- 
docytosis and secretion. Rab proteins are specifically localized to the cytoplas- 
mic surface of the intracellular compartments that they subserve (Fig. 2). Rab 1 
and Rab 2 are found to be localized in ER and cis-Golgi. Similarly, Rab 6 and 
Rab 9 are localized in medial Golgi and trans Golgi, respectively [34, 35]. Rab 4, 
Rab 5, Rab 1 1, Rab 18 and Rab 24 have all been shown to be associated with early 
endocytic compartments, suggesting that the early endocytic compartment is 
highly complex with multiple functions [36-38]. Internalized receptor and ligand 
first enter the peripheral sorting endosome where the membrane proteins des- 
tined for degradation or trans Golgi network (TGN) are sorted away from mem- 
brane proteins targeted for recycling back to the plasma membrane. A substan- 
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Fig. 2. Schematic diagram showing the localization of different Rah proteins and a particular 
transport event mediated hy them 



tial body of evidence indicates that Rab 5 regulates endocytosis from the plasma 
membrane to the early endosomes and is also involved in homotypic fusion be- 
tween the early endosomes [39]. Rab 4 appears to control the recycling from the 
early endosomes to the plasma membrane. Recent studies indicate that Rab 1 1 
regulates the recycling through the perinuclear endosomes. Rab 7 and Rab 9, and 
perhaps others still to be identified, are associated with the late endosomal com- 
partments. Rab 9 has been shown to regulate the traffic from the late endosome 
to TGN and Rab 7 has been shown to regulate the traffic from the early to late 
endosomes/lysosome [40, 41]. It has also been shown that Rab 7 regulates the 
transport between the late endosome to a lysosome-like compartment [42]. 
Among the endocytic Rabs, Rab 5 has been most extensively studied. Rab 5 is ac- 
tive in GTP bound form and is regulated by multiple factors like f/-ethyl- 
maleimide sensitive fusion proteins (NSF), PI3 kinase, phospholipase A2 etc. 
[43-45]. Rab 5 and Rab 7 both regulate endocytosis but Rab 7 functions down- 
stream of Rab 5. However, the exact relationship among all these factors in the 
overall mechanism of intracellular trafficking during endocytosis is largely un- 
known. 

A current model (Fig. 3) suggests that Rab proteins are predominantly found 
on cellular membranes but a significant fraction is also present in the cytosol as 
a complex with a protein called guanine nucleotide dissociation inhibitor (GDI). 
GDI presents the complex to the specific organelles through an interaction cat- 
alyzed by GDI displacement factor (GDF) in conjunction with guanine nucleotide 
exchange factor (GEF). GTP-bound Rab proteins are recruited onto nascent 
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Fig. 3. Schematic representation of the membrane trafficking cycle. Redrawn based on [48, 49] 



transport vesicles and catalyze the association of V SNARE [soluble NSF attach- 
ment protein (SNAP) receptor on vesicle] with T SNARE (SNAP receptor on tar- 
get) to accomplish docking of the vesicles. Each V SNARE and T SNARE complex 
binds between 3 to 6 SNAP proteins and then NSF binds to this complex. Subse- 
quently NSF hydrolyzes the ATP and uses the energy made available to disrupt 
the docking complex and release the SNAP protein [46, 47]. After the fusion GT- 
Pase activating proteins (GAP) increase the GTPase rate of the Rab protein, con- 
verting it into its GDP-bound conformation. Unoccupied GDI then retrieves the 
Rab protein for another round of vesicular transport [48, 49]. This is a general- 
ized model (Fig. 3) but most of the interacting proteins for a particular Rab have 
not been identified. 

Knowledge about the intracellular trafficking of the internalized ligands and 
their regulation by different signal transduction molecules provided clues to 
divert the intracellular route of the ligands by modulating the expression of Rab 
proteins. Recently, it has been shown that various intracellular pathogens like 
Salmonella, Mycobacterium survive in an early compartment by recruiting some 
early acting Rab protein on their phagosomes [50-54]. It will be interesting to de- 
termine if overexpression of the signal responsible for the transport of the cargo 
to the lysosomal compartment mediates the killing of invading pathogens. 
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6 

Receptor-Mediated Endocytosis: Characteristics Important for Drug Delivery 

The physiological process of receptor-mediated endocytosis is eminently 
amenable for the purposes of intracellular drug delivery because: (a) receptors 
present exclusively on specific cell-types permit the design of cell-type specific 
delivery systems, (b) high affinity binding of ligands to receptors allows their 
efficient retrieval even at low concentrations outside the cells, (c) directing 
ligand traffic to specific locations inside the cells (such as the lysosomes, the 
nucleus, cytosol) or transport across the cells is possible, and (d) recycling of 
receptors permits multiple rounds of ligand internalization, building up relatively 
high intracellular ligand levels. However, detailed knowledge about the nature of 
the ligand, the relative distributions of the receptor on various cell types and the 
intracellular pathways followed by the receptor-ligand complexes are essential 
prerequisites for success in exploitation of the process of receptor-mediated en- 
docytosis in site-specific drug delivery applications. At present, only hepatocytes 
and cells of the macrophage lineage seem to possess receptor systems exploitable 
for selective drug delivery [5, 55, 56]. 

7 

Macrophages as Target Cells 

Macrophages, polymorphonuclear cells of the reticuloendothelial system, mount 
multipronged defensive responses that protect the host against a variety of 
invading microorganisms and developing cancers [57]. However, in many 
instances, these defensive responses are overwhelmed, circumvented or even mis- 
directed so that these protective cells become the focal points in a large number 
of diseases of infectious (e.g., tuberculosis, leprosy, leishmaniasis, trypanosomi- 
asis, dengue, Japanese encephalitis, HIV- AIDS), metabolic (rheumatoid arthritis, 
Gaucher’s disease) or neoplastic (monocytic leukemia, histiocytosis) etiologies 
[58-60]. Furthermore, others and we have recently shown how invading 
pathogens successfully modulate the signal transduction pathways in the host 
cells to ensure survival in macrophages [50-54, 61]. Therefore, manipulation of 
the metabolic responses of macrophages in various disease states appears to be 
an attractive approach for the management of such diseases, success in which 
crucially depends on the ability to deliver appropriate drugs or biological 
response modifiers specifically to macrophages [5, 8, 55]. 

8 

Types of Receptors Present on Macrophages 

Receptors on the macrophage plasma membrane play an important role in con- 
trolling growth, differentiation, endocytosis, secretion and immune response. 
Macrophages express several members of the Ig superfamily [62] including dis- 
tinct FcR as well as MHC class I and II molecules and CD4, which are involved 
in complex immune interactions. Macrophages also express several members of 
integrin family including the common /J-chain of CR3/LFA and receptor for 
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fibronectin [63, 64]. Macrophage receptors for a particular class of ligand are 
often heterogeneous, e.g., the distinct receptor molecules for different classes of 
IgG [65], and one receptor molecule may also interact with several ligands. Thus, 
most of the receptor systems reported so far fail to meet the criterion of adequate 
selectivity, being distributed ubiquitously or on many cell types. Nevertheless, 
attempts continue to be made to exploit quantitative differences in the content of 
such receptors between normal and, for instance, cancer cells for targeting anti- 
neoplastic drugs in cancer chemotherapy with limited success. Among the large 
variety of receptor systems expressed by macrophages, the mannosyl/fucosyl re- 
ceptors [66] and the scavenger receptors [67-69] are the most well characterized. 



8.1 

Mannose Receptor 

Predominantly found in liver and spleen macrophages, the mannose receptor was 
discovered as a carbohydrate-binding protein that recognizes mannose or fucose 
terminal glycoproteins such as lysosomal hydrolases and functions in their clear- 
ance from plasma [70]. Mannose receptor activity is also found in monocytes, 
macrophages from bone and liver Kupffer cells [66]. Neoglycoproteins [71] pre- 
pared by chemical attachment of mannose or fucose residues to bovine senun al- 
bumin (BSA) are effective ligands for the mannose receptor and have been used as 
a carrier of drugs to macrophages [72]. The human mannose receptor has been 
cloned and sequenced, revealing the important features of the receptor structure 
and function [73]. The primary structure of the mannose receptor revealed a type I 
transmembrane orientation with several distinct domains including a fibro- 
nectin type Il-like repeats, suggesting a possible role in the interaction of differ- 
entiated macrophages with the extracellular matrix. The mannose receptor consists 
of eight segments resembling the carbohydrate-recognition domains (CRDs) of C- 
terminal lectins [74] which possibly explain the receptor’s dependence on ligand 
multivalency for high affinity binding. This receptor has served as an excellent 
model for the study of endocytosis in macrophages. It is constitutively internalized 
through the coated pits and recycled from the early endosomes after dissociation 
from the ligand in acidic endosomes [75] . Ligand binding to the receptor was foimd 
to be highly sensitive to pH and Ca^"^ concentration and the ligand is transported 
to the lysosome after dissociation from the receptor in the endosomes. Thus, be- 
ing a recycling receptor permitting degradation of the ligand in the lysosomes, 
mannose receptor-mediated endocytosis could be effective for the delivery of drugs 
to macrophages. However, agents that activate macrophages like IFN-y,lipopolysac- 
charides,phorbol esters as well as infection with intracellular pathogens like Leish- 
mania selectively downregulate mannose receptor expression [76, 77] thereby lim- 
iting their use as generic drug carriers to macrophages for multiple purposes. 



8.2 

Scavenger Receptor 

Scavenger receptors were discovered in 1979 during attempts to understand how 
cholesterol from LDL accumulates in macrophages in xanthomas and athero- 
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sclerotic plaques in patients with familial hypercholestolemia, as a set of binding 
sites present on macrophages that specifically bind and internalize acetylated low 
density lipoprotein [67, 69, 78]. Cross competition experiments revealed that 
these receptors bind a variety of polyanionic macromolecules. These include (a) 
chemically modified proteins such as acetylated LDL and maleylated albumin but 
not their unmodified counterparts, (b) anionic polysachharides and phospho- 
lipids such as fucoidin, carrageenan, bacterial LPS, lipoteichoic acid and phos- 
phatidylserine, (c) other anionic substances like polyvinyl sulfate, dextran sulfate, 
asbestos, (d) certain polynucleotides like polyinosinic and polyguanylic acids, 
but not polycytidylic or polyadenylic acids suggesting that a base-quartet-stabi- 
lized four-stranded helical structure assumed by polyguanylic and -inosinic acids 
is recognized by the scavenger receptors [79]. A 220 kDa protein which specifi- 
cally bind acetylated LDL was purified and characterized from bovine liver mem- 
brane [80, 81] and found to be a trimer of 77 kDa subunits with asparagine- 
linked carbohydrate chains. 

Three classes of scavenger receptors are known, viz., classes A, B and C. The 
class A scavenger receptors are the most well characterized and are expressed pri- 
marily on monocytes, peritoneal and tissue macrophages. Some dendritic cells, 
specialized endothelial cells and smooth muscle cells in atherosclerotic lesions 
also express scavenger receptors [82, 83]. Two types of scavenger receptors were 
cloned from bovine liver, termed as SR-AI and SR-AII [84, 85]. The cDNA se- 
quence and biochemical analysis have suggested that SR-AI are heterotrimeric 
integral membrane proteins consisting of six distinctive domains [80, 86]: do- 
main I is the N-terminal cytoplasmic domain, domain II, a single transmembrane 
domain and four extracellular domains. Among the extracellular domains, it was 
shown that domain III is a spacer, domain IV is coiled coil consisting of 16 hep- 
tad repeats, domain V contains 23 or 24 uninterrupted Gly-X-Y triplet repeats 
with proline or lysine frequently present in the Y position which indicates the for- 
mation of a classic right-handed collagenous triple helix and domain VI com- 
prises an 8 residue hinge followed by a 102-residue cysteine-rich domain. Work 
done by several groups [85-89] has demonstrated that a cluster of positive 
charges provided by the collagenous domain is responsible for the broad ligand 
specificity of the scavenger receptor. The type II scavenger receptor (SR-AII) dif- 
fers from the SR-AI in that the domain VI of the SR-AII is highly truncated where 
the cysteine-rich domain is replaced by a short 6-17 amino acid C terminus 
[85,87]. 

9 

Receptor-Mediated Intracellular Drug Delivery to Macrophages 

Scavenger receptors can be exploited for delivering drugs into macrophages be- 
cause: (a) macrophages, and to a lesser extent, endothelial cells express the scav- 
enger receptors, (b) the receptors are localized on the cell surface and mediate 
rapid transport of the ligands, (c) these receptors recycle and are not downreg- 
ulated by the known ligands facilitating multiple rounds of ligand delivery, and 
(d) scavenger receptors recognize multiple ligands allowing flexibility for de- 
signing carriers for different purposes. The scavenger receptor-mediated endo- 
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cytic pathway offers a facile means to deliver drugs to macrophages since drug 
molecules attached to the ligands of scavenger receptors are internalized by the 
macrophages with high efficiency and released inside these cells after the carrier 
is degraded in the lysosomes [90, 91 ]. Some examples of the application of scav- 
enger receptor-mediated targeting approach are outlined below. 



9.1 

To Eliminate Intracellular Pathogens 

Leishmania donovani, the etiological agent for visceral leishmaniasis or kala-azar 
in humans, reside and proliferate solely in the phagolysosomes of the macro- 
phages of the infected host. All currently used anti-leishmanial drugs such 
as antimony compounds, diamidines and amphotericin, often lead to severe toxic 
side reactions. This probably happens because these drugs are taken up not only 
by the host macrophages but also by other cell types. We intended to design a cell- 
specific drug delivery system to macrophages that will increase the antiparasitc 
efficacy of the drug and simultaneously reduce its toxicity. Initially, we showed 
that methotrexate (MTX), a potent antifolate drug, conjugated with maleylated 
bovine serum albumin (MESA), a specific ligand for macrophage scavenger re- 
ceptor, was specifically recognized by scavenger receptors and killed the intra- 
cellular form of Leishmania [92] (Fig. 4). The power of this approach was estab- 
lished in an experiment in which hamsters were infected in the footpads with 
Leishmania mexicana which swelled to about 10-times the normal footpad size 
due to multiplication of the protozoa inside the macrophages. When free 
methotrexate (MTX) was given no substantial cure was achieved. Administering 
the drug in a form targeted to macrophages as MBSA-MTX conjugate brought the 
footpad size back to normal. All the animals remained healthy and no antibod- 
ies against the drug conjugate could be detected in these animals [90]. 

The scavenger-receptor-mediated mode of drug delivery was next extended to 
the treatment of an intracellular bacterial disease, tuberculosis. Tuberculosis con- 
tinues to be a major public health concern and the incidence of tuberculosis is 
also increasing among the patients with AIDS in recent years. The pathogenicity 
is due to the multiplication of Mycobacterium tuberculosis within the mononu- 
clear phagocytes. All currently used drugs are potent but toxic, thus intracellu- 
lar delivery of antitubercular agent to macrophages may reduce the adverse side 
reactions. Moreover, drugs currently used in tuberculosis are quite expensive 
and difficult to afford by the common people in the developing world. Thus, a 
effective anti-tubercular drug like para-aminosalicylic acid (PAS) which is cheap 
but was discontinued mainly because of its toxicity will be welcome if drug can 
be delivered only to the host cells and thereby reducing the toxicity. We showed 
that the efficacy of PAS was enhanced nearly 80-fold by conjugating it with MESA 
[93]. Studies in an animal model in which guinea pigs were infected with a 
virulent strain of M. tuberculosis showed that compared to the untreated control 
group, MBSA-PAS treatment reduced the bacterial load in the lung by six log 
units and increased the survival rate of the infected animals to 87% while the sur- 
vival rate of animals treated with a three-times higher dose of free PAS was only 
13% (Fig. 5). High and persistent drug activity was observed in the target organs 
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Fig. 4. Scavenger receptor-mediated drug delivery in chemotherapy of leishmaniasis. A The 
Leishmania mexicana amazonensis infected macrophages were incubated with indicated con- 
centrations of MBSA-MTX or MTX at 37 °C for 3 h, then washed. After 20 h incubation, cells 
were fixed and stained with Giemsa and the number of amastigotes per 100 macrophages was 
determined. The number of amastigotes present in untreated culture was taken as 100%. 
B Hamsters were infected with Leishmania mexicana amazonensis amastigotes isolated from 
donor animals. Eight weeks postinfection, hamsters were treated with MBSA-MTX or MTX 
(1 mg/kg) on days 1 to 4. Control animals were injected with PBS alone. Size of the footpad 
lesion was measured on the indicated days. Reprinted from [90] 
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Fig. 5. Effect of MESA- PAS against tuberculosis infection in guinea pigs. Mycobacterium tu- 
berculosis infected guinea pigs (12 weeks postinfection) were treated with two or four doses of 
either free PAS (150 mg/kg) or MBSA-PAS (50 mg/kg) intravenously. Animals were sacrificed 
on the first day of the indicated weeks and CPU were determined from the homogenates of in- 
dicated tissues. Reprinted from [94] 



when the drug was administered as an MBSA-PAS conjugate [94]. These studies 
demonstrated the feasibility of using scavenger receptor-mediated endocytosis 
to deliver the appropriate therapeutic agent to the intracellular infection associ- 
ated with macrophages which will build up a high intracellular concentration of 
the drug at a low plasma concentration and thus reduce its toxicity. 

Oligonucleotides complementary to the cognate mRNA sequences can bind to 
it and block its translation into a functional protein. Such antisense oligonu- 
cleotides have demonstrated, in vitro and in vivo, the ability to reduce or prevent 
the production of target proteins, and several such molecules are in clinical 
trials. Antisense oligonucleotides are particularly attractive as antiviral agents 
as they can be designed to block viral replication within infected cells without 
affecting the metabolism of the host cells. The therapeutic use of antisense 
oligonucleotides is hampered because of their susceptibility to degradation by 
nucleases, incomplete specificity for the target cells and poor cellular uptake. 
The selective and efficient intracellular delivery of antisense molecules to the tar- 
get cells is essential for the success of this approach and better methods are 
needed [95]. 

We had established earlier that polyguanylic acid chains as small as 10 nu- 
cleotides are efficiently taken up by macrophages through scavenger receptor- 
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mediated endocytosis. We therefore made various constructs consisting of a 
15mer oligonucleotide sequence antisense to the translation initiation site of the 
N protein gene of vesicular stomatitis virus, ANS (CAT TTT GAT TAG TGT), with 
a lOmer PolyG tail at the 3' end as follows: 

- ANS-G: as native phosphodiester (CAT TTT GAT TAG TGT GGG GGG GGG G), 

- sANS-G: as phosphorothioate (CAT TTT GAT TAG TGT GGG GGG GGG G), 

- cANS-G: as a chimeric molecule in which the first and last internucleotide 
linkages in the antisense portion of the oligonucleotide sequence were phos- 
phorothioate (CAT TTT GAT TAG TGT GGG GGG GGG G), 

- Sense-G: complementary to ANS (ACA GTA ATG AAA ATG GGG GGG GGG 
G), 

and two control sequences, 

- Scram-G: a scrambled ISmer sequence (ATG GTA TTA CTT GTT 
GGG GGG GGG G), 

- ANS-C: antisense sequence above with a lOmer polycytidilic acid (PolyC) tail 
at the 3'-end (CAT TTT GAT TAG TGT CCG CCG CCG C) since PolyC is not 
recognized by the SCR. 

In order to determine if the scavenger receptors on macrophages recognized 
oligonucleotides with a lOmer PolyG tail at their 3'-ends, we tested the abilities 
of these oligonucleotide constructs to compete for the degradation of '^^I-MBSA 
in a murine macrophage cell line J774E. Data presented in Fig. 6 show that the 
lOmer PolyG and oligonucleotide constructs with lOmer PolyG tails at their 3' 




ANS-G 
+ MBSA 
+ fetuin 
+ fucoidan 
+ PolyG 
+ PolyC 

b Uptake of ANS-G (% of control) 




Fig. 6. Scavenger receptor-mediated enhanced uptake of PolyG constructs by J774E 
macrophages, a J774E cells in RPMI with BSA (1 mg/mL) and ^^P-labeled oligonucleotide 
(1 pM) were incubated at 37 °C for the indicated periods of time and processed to determine 
cell-associated radioactivity, b Cells were incubated as above with ^^P-labeled ANS-G (1 pM; 
specific activity 555 cpm/pmol) at 37 °C either alone or along with different polyanionic macro- 
molecules (MBSA 500 pg/mL; fetuin 100 pg/mL; fucoidan 100 pg/mL; PolyG 7 pg/mL and PolyC 
7 pg/mL. After 4 h, the contents of cell-associated radioactivity were determined. Results shown 
are mean±s.e. of three independent determinations. Reprinted from [95] 
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ends effectively compete for the degradation of ^^^I-MBSA, while a lOmer PolyC 
and oligonucleotides containing lOmer PolyC tails did not interfere with the 
degradation of ^^®I-MBSA. These results indicate that the scavenger receptors on 
J774E macrophages efficiently recognize oligonucleotides containing PolyG tails 
at their 3' ends. Recognition of the PolyG constructs by the scavenger receptors 
was independent of both the sequences of the oligonucleotides and chemical 
modifications to the backbone of the oligonucleotides because Sense-G, Scram- 
G, cANS-G and sANS-G competed for the degradation of ^^^I-MBSA as efficiently 
as ANS-G. 

To assess the extent of scavenger receptor-mediated facilitated delivery to 
J774E cells, we examined the uptake of oligonucleotides with or without a PolyG 
or PolyC tail. Pig. 6 (Panel a) shows that uptake of the PolyG tail-bearing antisense 
N oligonucleotide construct by the macrophages was 8-12-fold higher compared 
to that of the antisense N oligonucleotide without the PolyG extension. We fur- 
ther found that ANS-G, cANS-G, sANS-G and Sense-G were taken up with com- 
parable efficiencies whereas uptake of ANS-C was around the same levels as ANS. 
Uptake of the ANS-G construct was inhibited by the known scavenger receptor 
ligands MBSA, PolyG and fucoidan but not by fetuin or PolyC (Pig. 6, Panel b). 
These data indicate the feasibility of delivering antisense molecules to 
macrophages using a scavenger receptor-specific polynucleotide ligand. 

Data in Pig. 7 demonstrate the bio efficacy of PolyG-mediated targeting of anti- 
sense oligonucleotides in arresting the replication of vesicular stomatitis virus 
(VSV) in J774E cells. The antisense oligonucleotides lacking a lOmer PolyG stretch 
were ineffective. The inhibition of VSV replication due to the ANS-G antisense 
oligonucleotide was completely abrogated in the presence of lOmer PolyG indi- 
cating that the antisense-effect of the ANS-G molecule was a consequence of scav- 
enger receptor-mediated enhanced uptake. Importantly, antisense molecules linked 
by all natural phosphodiester bonds were as bioeffective as those synthesized with 
a mixed backbone of phosphodiester and phosphorothioate. The feasibility of de- 
livering the antisense molecules to the macrophages by scavenger receptor-medi- 
ated endocytosis is further strengthened by the recent observation that PolyG-me- 
diated delivery of DNAzyme specifically blocks HIV gene expression [96]. 

Selective targeting of therapeutic agents to macrophages using mannose re- 
ceptors to combat intracellular infection has also been attempted. Several groups 
have generated mannose-coated liposomes for selective delivery of drug to 
macrophages exploiting the phagocytic properties of the mannose receptor. 
Approaches for targeting liposomes to macrophages include mannosylation of 
preformed liposomes [97, 98], formation of liposomes from mannosylated phos- 
pholipids [99] or grafting a mannose terminal protein on the liposome surface 
[100, 101]. Subsequent studies have demonstrated that mannose-bearing lipo- 
somes containing urea stibamine, an anti-leishmanial drug, have superior effi- 
cacy than the conventional drug in eliminating the parasites from experimental 
leishmaniasis in the hamster model [102, 103]. Similarly, tuftsin-bearing lipo- 
somes containing amphotericin B was shown to inhibit Leishmania and fungal 
infection in macrophages as well as in an appropriate animal model [104]. An- 
other experimental design for macrophage-specific drug delivery exploiting 
mannose receptor-mediated endocytosis employs soluble macromolecular con- 
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Fig. 7. Scavenger receptor-mediated antisense oligonucleotide delivery inhibits VSV replication 
in J774E macrophages, a Inhibition of VSV replication by PolyG-taUed ANS construct, b Re- 
versal of antisense oligonucleotide inhibition by competing scavenger receptor ligands. 
Reprinted from [95] 
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jugates, e.g., mannose-BSA conjugated with therapeutic agents. Utilizing this ap- 
proach, Chakraborty et al. [105] have shown that methotraxate-conjugated man- 
nose-BSA significantly inhibited the growth of Leishmania donovani in 
macrophages in vitro as well as in infected animals. 



9.2 

To Eliminate Neoplastic Cells 

The efficacy of the scavenger receptor-mediated drug delivery was next tested in 
a model for histiocytic malignancy in which cells of monocyte-macrophage 
origin turn malignant. We found that cancer cells of macrophage origin can ef- 
ficiently take up and degrade a conjugate of MBSA with the highly toxic anti- 
cancer drug, daunomycin (DNM), while cancer cells of non-macrophage origin 
could not do so. Uptake of MBSA-DNM could stop the synthesis of DNA in 
macrophage cancer cells but not in non-macrophage cancer cells. Ex vivo treat- 
ment of the cells from murine tumors of macrophage origin abolished their abil- 
ity to form tumors in BALB/c mice whereas such cells treated under identical 
conditions with free DNM were able to form tumors when transplanted back into 
mice as effectively as the untreated cells [106] (Fig. 8). When injected into mice, 
the drug conjugate suppressed the growth of J774A.1 tumors at much lower 
dosages of DNM relative to the free form of the drug. MBSA-DNM also effectively 
arrested the growth of pre-formed tumors whereas the tumors grew as rapidly 
in animals treated with free DNM or MBSA as in the animals that did not receive 
any drug or carrier [107]. As a prelude to determining the feasibility of extend- 
ing this approach to human cancers of macrophage origin, we have shown the su- 
perior efficacy of MBSA coupled with the anticancer drug, doxorubicin (DXR) in 
arresting the growth of human histiocytic lymphoma cells in culture in contrast 
to the failure of free DXR to do so under similar conditions [91]. 

Similarly, mannose receptors were also used to deliver anticancer agents to 
macrophages using mannosylated vesicles loaded with macrophage activators 
[97, 99, 108]. In an interesting study, it was demonstrated that the A chain of the 
potent plant toxin, Ricin, is a ligand for the mannose receptor and has been 
shown to be toxic to macrophages in vitro [109, 110]. 

We have also examined the possible application of scavenger receptor-medi- 
ated drug delivery for circumvention of the insidious problem of multidrug 
resistance (MDR) in neoplastic cells, which is a major obstacle to success in can- 
cer chemotherapy. For this purpose, a multidrug-resistant variant (JDIOO) of the 
murine macrophage tumor cells J774A.1 was developed. MDR in JDIOO cells was 
shown to involve both P-glycoprotein-dependent and -independent mechanisms, 
resembling the complexity often encountered in clinical situations. We showed 
that the multidrug-resistant JDIOO cells took up MBSA-DNM with high efficiency 
and their proliferation was arrested as measured by cessation of DNA synthesis 
[ 1 1 1 ] . It is likely that the high efficiency uptake of anticancer agents through scav- 
enger receptor-mediated endocytosis serves to build up an adequate intracellu- 
lar concentration of the drug even in the presence of a p-glycoprotein-like efflux 
pump in multidrug-resistant cells leading to selective killing of the multidrug-re- 
sistant tumor cells. It is tempting to speculate that in the receptor-mediated mode 
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Time (Min) 

Fig. 8. Selective inhibition of macrophage cancer ceils (a) and multidrug resistant cancer (b) 
cells by scavenger receptor-mediated delivery of daunomycin. a Effect of free or conjugated 
DNM (30 pg DNM) on the growth of preformed macrophage tumor in BALB/C mice, b Time 
course of killing of multidrug-resistant macrophage tumor cells (JD-100) by 0.3 pM of DNM 
either in free or conjugated form. Reprinted from [106, 111] 
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of drug delivery, the drug conjugate was delivered intracellularly to multidrug- 
resistant cells through vesicle fusion so that the drug was not accessible to the ef- 
flux pump. 



9.3 

To Modulate Immune Responses 

As macrophages are known to migrate to solid tumor sites, we next explored if 
normal macrophages could be activated to a tumoricidal state by intracellular de- 
livery of a biological response modifier, muramyl dipeptide [112, 113]. 

J774A.1 macrophages pretreated with MBSA-MDP brought about 50% lysis of 
the prelabeled B16F10 melanoma target cells at a concentration at which free 
MDP was ineffective. This cytolytic activity of the activated macrophages was 
found to be saturated at a low concentration of MBSA-MDP (Fig. 9). Moreover, 
treatment of the macrophages with BSA-MDP or MBSA at a dose equivalent to 
MBSA-MDP did not show any cytolytic activity towards the target cells. Data pre- 
sented in Fig. 9 show that macrophages treated with MBSA-MDP displayed 7-10- 
fold higher cytotoxic activity against non-macrophage tumor cells compared to 
that elicited by free MDP-treated macrophages. 

In order to elucidate the mechanism of antitumor activity, we explored 
whether the treatment of macrophages with MDP induces the secretion of vari- 
ous cytokines and other soluble mediators. MBSA-MDP treatment of murine 
peritoneal resident macrophages induced them to secrete significantly higher lev- 
els of IL-1, IL-6 and TNF-a in comparison with that released by macrophages on 




Fig. 9. Cytolysis of tumor cells by MBSA-MDP treated macrophages. J774A.1 macrophages 
treated with the indicated concentrations of MDP (free or conjugated with BSA or MBSA) for 
24 h were washed and incubated with [^H] -thymidine labeled B16F10 melanoma cells. Ra- 
dioactivity released in the medium after 48 h was measured as an index of cytolysis. Reprinted 
from [112] 
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treatment with free MDP while PGE 2 levels were unaltered. Interestingly, MBSA- 
MDP-treated macrophages secreted higher, sustained levels of IL-12 while IL-10, 
a macrophage suppressor cytokine, could be detected only on free MDP treat- 
ment (Fig. 10). 

To understand the role of various metabolites secreted by the activated 
macrophages in bringing about cytolysis of the tumor cells, cytotoxic assays were 
carried out in the presence of antibodies directed against one or more of the sol- 
uble mediators, individually or in combination. Addition of antibodies directed 
against IL-1, IL-6 or TNF-a singly to macrophage cultures partially inhibited the 
tumoricidal efficacy of MBSA-MDP-treated macrophages whereas the combined 
presence of anti-IL-6 and anti-TNF-a antibodies abrogated the tumoricidal re- 
sponse. The inhibition of bioefficacy due to neutralization of IL-6 and TNF-a was 
further modulated by indomethacin, indicating a regulatory role of PGE 2 
(Fig. 11). These data suggest that the elevated secretion of specific soluble medi- 
ators, viz., IL-6 and TNF-a on MBSA-MDP treatment of macrophages augmented 
their antineoplastic activity. Importantly, the normal surface phenotype and 
functional integrity of macrophages was not altered by MBSA-MDP treatment in- 
dicating the immunotherapeutic potential of the receptor system and MDP, in 
combination, as an alternative approach to treatment of neoplasia. 

In conclusion, our data demonstrate that it is possible to augment the antimmor 
efficacy of macrophages by delivering MDP via the scavenger receptor-mediated 
endocytic pathway. Intracellular delivery of MDP presumably modulates the sig- 
nal transduction cascade in macrophages leading to secretion of various cytokines 
and other soluble mediators that are known to possess antitumor activity. TNF and 




Fig. 10 . Secretion of active metabolites by murine peritoneal resident macrophages. Peritoneal 
macrophages were treated in culture with 0.25 pg/mL MDP (free or conjugated with MBSA) for 
24 h. The contents of the indicated metabolites secreted into the culture medium were mea- 
sured by ELISA. Reprinted from [112] 
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Fig. 11. Abrogation of antitumor activity by antibodies against secretory metabolites. Peri- 
toneal macrophages were treated in culture with MBSA-MDP (0.25 pg/mL MDP equivalent) for 
24 h, washed and incubated with L929 target cells along with the indicated neutralizing anti- 
bodies alone or in various in combinations (20 pg/mL). After 24 h, the cells were pulsed with 
[^H]-dThd for a further 24 h period and the amounts of radioactivity in the target cells were 
expressed as % of radioactivity incorporated by the target cells in the absence of macrophages. 
Reprinted from [112] 



IL-6 in conjunction with IL- 1 and reactive nitrogen intermediates presumably me- 
diate the tumoricidal ability of the macrophages treated with maleylated conjugate. 
Low immunogenicity and normal function of the MBSA-MDP treated macro- 
phages indicate the potential of this general modality in cancer treatment. 

Although the need for development of new and better chemotherapeutic 
agents is undeniable, vaccination appears to be the most cost-effective means for 
prevention and eventual eradication of infectious diseases. Success of anti-viral 
vaccines in eradicating small pox and effectively controlling measles, polio, 
mumps etc. has been spectacular. However, it has not yet been possible to make 
satisfactory vaccines against diseases such as malaria, kala azar, tuberculosis, etc. 
caused by more complex intracellular organisms. Recent studies carried out by 
Rath and his colleagues have shown that targeting of antigens to the scavenger 
receptors generates the Thl type of immune response deemed necessary for pro- 
tection against intracellular organisms [1 14-1 17]. It has also been shown recently 
that scavenger receptor-mediated delivery of allergens diverts an ongoing aller- 
gic immune response to a non-allergic route, brightening the prospects of im- 
munotherapeutic measures against allergy [118]. These observations may pro- 
vide a lead for manipulating immune responses to generate new generation 
vaccines and immunotherapeutics. Furthermore, they recently showed that the 



206 



A. Mukhopadhyay • S. K. Basu 



delivery of autologous serum albumin to scavenger receptors leads to a break- 
down of T cell tolerance in mice to self-albumin, offering a new tool to dissect 
mechanisms of immune tolerance and the etiopathogenesis of autoimmunity 
[115,119], 

Diseases such as cancer, atherosclerosis, rheumatoid arthritis, multiple scle- 
rosis etc. result from malfunctioning of signaling pathways. With the advent of 
the knowledge of the molecular basis of intercellular and intracellular commu- 
nication, which is regulated by different signal transduction molecules, attempts 
have been made to exploit signaling pathway for rational drug design [ 120]. In- 
hibition of signaling pathways can be achieved by a variety of reagents, small 
molecules, antibodies and DNA encoding dominant negative proteins or anti- 
sense RNA. Usually, the activity of a particular signal transduction pathway is en- 
hanced in disease cells compared to normal cells. For example, different onco- 
genic proteins like Ras and kinase activity are enhanced in most tumor cells. 
Recent studies have shown that inhibitor of EGFR kinase activity as well as JAK- 
2 kinase blocker significantly blocks the progression of tumor in mice [121, 122]. 
Macrophages have the ability to migrate toward the sites of inflammation, thus 
macrophages loaded with inhibitors of signal transduction intermediate ex- 
ploiting receptor-mediated endocytosis may find an application in the near fu- 
ture. 

10 

Conclusion 

Exploitation of the principles of scavenger receptor-mediated endocytosis for 
site-specific drug delivery is maturing into a rational approach which merits 
serious consideration both in designing new chemotherapeutic agents, and in 
resurrecting effective but highly toxic molecules for chemotherapy. In particu- 
lar, scavenger receptor-mediated endocytosis has been demonstrated to offer a 
mechanism to deliver a wide variety of agents to macrophages including 
chemotherapeutic agents for intracellular infections and neoplasia, antisense 
oligonucleotides for viral infection as well as the activation/modulation of 
macrophage function. However, despite these promising results, there are many 
hurdles to cross before drugs based on these elegant targeting principles would 
find their way into the marketplace of reality. Thus, Paul Ehrlich’s quest is still on; 
magic bullets still elude us. 
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Tuberculosis (TB) continues to be the leading killer of mankind among all infectious diseases, 
especially in the developing countries. Since the discovery of tubercle bacillus more than 
100 years ago, TB has been the subject of research in an attempt to develop tools and strate- 
gies to combat this disease. Research in Indian laboratories has contributed significantly to- 
wards developing the DOTS strategy employed worldwide in tuberculosis control programmes 
and elucidating the biological properties of its etiologic agent, M. tuberculosis. In recent times, 
the development of tools for manipulation of mycobacteria has given a boost to researchers 
working in this field. New strategies are being employed towards understanding the mecha- 
nisms of protection and pathogenesis of this disease. Molecular methods are being applied to 
develop new tools and reagents for prevention, diagnosis and treatment of tuberculosis. With 
the sequencing of the genome of M. tuberculosis, molecules are being identified for the devel- 
opment of new drugs and vaccines. In this chapter, the advances made in these areas by Indian 
researchers mainly during the last five years are reviewed. 
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1 

Introduction 



1.1 

History of Tuberculosis Research in India 



1 . 1.1 

Ancient History 

Sushruta, considered as the Father of Surgery in India, described tuberculosis 
(TB) in Sushruta samhita, a compendium of works on ancient medicine and 
surgery written in 600 BC. TB was referred to as Kshaya (wasting away) or Raja 
Yakshama (King of Diseases) [1]. Several historians believe that the description 
of this disease passed orally from generation to generation long before the Vedas 
were written [2, 3]. Ancient Indian drugs were known to the Egyptians long be- 
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fore Hippocrates and mention of ancient Indian remedies has been found in the 
Old Testament. Several Indian scriptures have described methods to treat this 
disease. Treatment was also described on the principles of Ayurveda. Besides 
medicines, milk (especially from a lactating woman), a moderate quantity of al- 
cohol and the flesh of birds and animals, which inhabit dry areas, were recom- 
mended [4] . The Yajur Veda recommended that a consumptive should go and live 
in high altitudes [3]. Even today in the field of Ayurvedic medicine, several con- 
coctions are known and prescribed for the treatment of TB. Ayurveda also de- 
scribes the anti-tubercular potency of several medicinal plants available in India. 

1.1.2 

Modem Tuberculosis Research 

During the period 1960-1980, with lower incidences and decreasing trends, TB 
ceased to be pursued actively as a research subject in several western countries. 
However, it continued to be a focus of research in developing countries, especially 
in India, where TB was and continues to be a major health burden. The late Prof. 
M. Sirsi is acknowledged to have initiated TB research at the Indian Institute of 
Science, Bangalore, one of the premier institutions of India. He set up facilities for 
testing of compounds, synthesized in the Department of Organic Chemistry by 
Prof. B. H. Iyer and his group, on tubercle bacilli grown both in vitro and in ex- 
perimental mice and guinea pigs [ 1 ]. Initially, the work focused on the metabolism 
of mycobacteria and later the emphasis shifted to the molecular biology of my- 
cobacteria. Two major groups in India are credited with carrying out pioneering 
work in the field of TB - Prof. T. Ramakrishnan’s group at the Indian Institute of 
Science, Bangalore and Prof. T. A. Venkitasubramanian’s group at the V. P. Chest In- 
stitute, Delhi. They made significant contributions to the understanding of tu- 
bercle bacilli. Initially, the research in Prof. Ramakrishnan’s laboratory was di- 
rected towards understanding the metabolism of mycobacteria with studies 
focusing on the mechanism of isoniazid action and resistance, the role of catalase 
peroxidase in the action of INH, the biosynthesis of isoleucine, valine, purines, en- 
zymes of TCA cycle etc. Later, with the advent of molecular biology, several pio- 
neering contributions were also made by this group, which included measurement 
of rates of DNA and RNA biosynthesis in mycobacteria, characterization of tRNA, 
purification of DNA and RNA polymerases, DNA methylation, protein synthesis 
and transduction etc. Prof. T. A. Venkitasubramanian’s group made maj or contri- 
butions to the understanding of the metabolic processes in mycobacteria. Eluci- 
dation of pathways, involved in carbohydrate, acetate and malate metabolism, 
oxidative phosphorylation, synthesis of lipids, phospholipids, arginine, pep- 
tidoglycan, characterization of various mycobacterial enzymes such as phos- 
phatases, glycerol kinase, fatty acid synthetases, aldolases, isocitrate lyase, gluta- 
mate dehydrogenase, malate dehydrogenase, adenylate and guanylate cyclases, 
pyruvate kinase, ATPase, ornithine transcarbamylase, isocitrate dehydrogenase 
and identification of calmodulin-like proteins from mycobacteria etc., all were car- 
ried out in the laboratory of Prof. T. A. Venkitasubramanian. 

Recognizing the relevance of TB research to India, the Indian funding agen- 
cies have always categorized TB as a thrust area and agencies such as Council for 
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Scientific and Industrial Research, Department of Biotechnology, Department of 
Science and Technology and Indian Council of Medical Research have provided 
generous support for TB research. Investigators at several premier institutes such 
as All India Institute of Medical Sciences, New Delhi, Bose Institute, Calcutta, 
Central Drug Research Institute, Lucknow, Central JALMA Institute for Leprosy, 
Agra, Indian Institute of Science, Bangalore, Institute of Microbial Technology, 
Chandigarh, National Institute of Immimology, New Delhi, Postgraduate Institute 
for Medical Education and Research, Chandigarh, University of Delhi South Cam- 
pus, New Delhi and several other centers are concentrating their efforts towards 
better understanding of this disease and its causative agent. Two national insti- 
tutions - Tuberculosis Research Centre, Chennai and National Tuberculosis In- 
stitute, Bangalore have special distinction for focusing their efforts exclusively on 
TB and have made remarkable contributions in the field of TB research, preven- 
tion and control. In the following sections, we shall attempt to review the progress 
made by various research groups in India in the field of TB research mainly dur- 
ing the last five years. 



1.2 

Global Burden of Tuberculosis 

Tuberculosis, which appeared to have been brought under control through vac- 
cination and use of chemotherapy, has made a remarkable comeback in several 
parts of the world. This resurgence of TB is being attributed mainly to the advent 
of HIV and growing incidences of multidrug-resistant TB. With increasing glob- 
alization and world travel, the geographical barriers to the spread of the disease 
no longer exist and one country’s scourge can very soon become another coun- 
try’s epidemic. About one-third of the world’s population is infected with M. tu- 
berculosis. Every year about eight million new cases develop and three million 
lives are lost due to this dreaded disease [5]. TB, which was a major problem in 
economically backward countries, is also rearing its head in developed countries, 
with outbreaks reported in USA and UK. Co-infection with HIV increases the 
probability of succumbing to TB by 30-fold [5]. The impact of the HIV pandemic 
is expected to be more serious in developing countries where a significant por- 
tion of the adult population is already infected with the tubercle bacilli. Presently 
90% of the HIV-infected individuals are estimated to be residing in Asia and 
Africa. The problem is exacerbated by the emergence of M. tuberculosis strains 
that are resistant against most of the antibiotics used in the treatment of TB. 
Thus, in spite of rapid progress made in the last decade in our understanding of 
mycobacteria at the molecular level, TB continues to maintain its status as the 
number one killer among infectious diseases. 



1.3 

Tuberculosis in India 

Despite the availability of a vaccine for the last 80 years and effective drugs 
against TB, the morbidity and mortality associated with this disease have not de- 
clined significantly. India accounts for 30% of the global incidence of TB [6] with 
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an estimated 13-14 million TB cases at any point of time and one fourth of these 
cases being infectious in nature. In comparison to developed countries, the an- 
nual risk of infection in India is estimated to be 50-100 times higher [7]. Over- 
all -44% of our country’s population are infected with the tubercle bacilli [8]. 
Every year about 5,000,000 people die of TB in India, which amounts to more 
than 1,000 patients dying of TB every day [9]. The majority of these deaths oc- 
cur among people in the age group of 30 to 40 years, thus creating a burden on 
the country’s resources. 

BCG vaccine is still administered to all newborns within three months after 
birth, but in a major trial carried out in South India, its protective efficacy was 
observed to be 0%. A fifteen-year follow-up of this trial also did not exhibit any 
protection and BCG was observed to be totally ineffective against the adult form 
ofTB [10,11]. 

The National Tuberculosis Programme (NTP) has been in existence in India 
since 1962. However, there has not been an appreciable change in the epidemio- 
logical situation [12]. Due to certain drawbacks in NTP, a Revised National TB 
Control Programme (RNTCP) was formulated. The programme placed emphasis 
on the political commitment to support the national programme, quality 
diagnosis by smear microscopy, uninterrupted supply of good quality anti-tu- 
bercular drugs, treatment with short-course chemotherapy under direct obseva- 
tion and accountability through proper recording, reporting and effective 
supervision [ 12, 13]. The programme envisions to achieve an 85% cure rate for the 
newly diagnosed sputum smear positive TB patients and to detect at least 70% of 
new sputum smear positive patients. The RNTCP was implemented in 1993 in a 
population of 2.35 million in 5 sites in different states as a pilot project. Success- 
ful implementation of the programme has led to its continuous expansion [9] and 
by May 2001 it had covered 40% of the country’s population. 



1.4 

Goals for Tuberculosis Research 

From the perspectives of advancement in TB research, the control of TB requires 
a perfect vaccine, a rapid diagnostic test and drugs that are effective in a very 
short period. A perfect vaccine is required to provide protection against all forms 
of TB among the people from all age groups and populations. Diagnosis of the 
disease represents another critical aspect. There is no single diagnostic test which 
can provide rapid diagnosis on a mass scale. The major drawbacks of existing 
diagnostic tests are lack of sensitivity and the lengthy procedures. Besides, a good 
diagnostic test should be able to define the status of TB, and be useful for the 
diagnosis of extrapulmonary TB, especially TB meningitis. The test should also 
be able to differentiate between a dormant and an active infection. Moreover, it 
should not be affected by the BCG vaccination status of the individual. Drugs are 
most important in reducing the existing burden of the disease. However, drug 
therapy against TB involves the intake of multiple drugs for extended periods. 
This leads to several side effects and non-compliance, resulting in the develop- 
ment of drug resistance. Moreover, in a large country like India, it has been prac- 
tically difficult to ensure the timely availability of drugs and compliance to ther- 
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apy in remote areas. Although drugs effective against the TB bacilli are available, 
the long periods of intake and the development of resistance in bacilli and their 
being effective only against actively replicating bacteria but not against dormant 
bacteria, justify the need for the discovery of new drugs that can effectively 
shorten the duration of chemotherapy. 



1.5 

Difficulties in Working with Mycobacteria 

The intrinsic properties of M. tuberculosis make it a challenging organism for 
laboratory investigations. It has a slow growth rate with a generation time of 
22-24 h. It has a very thick cell wall, which makes isolation of DNA and RNA dif- 
ficult. Selectable markers for mycobacteria were not known and transformation 
of this pathogen was very cumbersome. With the advent of electroporation, 
application of markers such as kanamycin and hygromycin and the development 
of transformation-efficient strains of mycobacteria, transformation of these 
pathogens has now become feasible. New techniques have also been developed 
for isolation of DNA and RNA from this pathogen [14-17]. However, there is a 
lack of knowledge about the mechanistics of growth of M. tuberculosis in the 
host. This pathogen has the capability of persisting in the host for decades, how- 
ever, little is known about the mechanisms of persistence or the location of the 
pathogen in the host during this phase. The nature of protective immune re- 
sponses against TB infection and the correlates of protection are also not known. 
However, as India has been continuously and severely affected by this disease, 
despite these daunting challenges, investigators in India have always shown keen 
interest in pursuing several critical areas towards the understanding of myco- 
bacteria, tuberculosis and host-pathogen relationships. 

2 

Genetics of Mycobacterium tuberculosis 

M. tuberculosis is a complex pathogen. It is a Gram-positive bacilli, with a 
genome having a very high G-l-C content (65.6%), which is reflected in its codon 
bias. The genome codes for -4,000 putative ORFs, which account for -91% of 
the potential coding capacity [ISj.Gonsistent with the high G-l-C content of the 
genome, GTG initiation codon is used more frequently in M. tuberculosis (35%) 
than in Bacillus subtilis (9%) and Escherichia coli (14%), although ATG is the 
most common translation start codon (61%). There is also a slight bias in the 
orientation of genes with respect to the direction of DNA replication, as only 
59% genes are transcribed with the same polarity as DNA replication, compared 
with 75% in B. subtilis. This has been suggested as one of the reasons for the slow 
growth of M. tuberculosis [18]. However, even -120 years after its discovery, we 
still do not understand the crucial mechanisms employed by this organism 
to cause disease, to remain dormant within the host for long periods of time 
and to evade the host-immune mechanisms etc. As a prerequisite to unravel 
some of these mysteries, it is imperative to understand the basic biology of this 
organism. 
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2.1 

Construction and Characterization of Plasmids 

Since their discovery in mycobacteria, several investigators have attempted to iso- 
late plasmids from various species of mycobacteria. Apart from the possibility 
that they might encode virulence factors, drug resistance etc., plasmids are im- 
portant tools in recombinant DNA technology. As plasmids replicate indepen- 
dently from the bacterial genome, plasmid origins can be employed along with 
some selectable markers for the construction of vectors for molecular cloning. 
Numerous mycobacterial plasmid vectors have been developed for a variety of 
purposes. Most of them have employed the origin of DNA replication from plas- 
mid pALSOOO. 

A Mycobacterium-E. coli shuttle promoter probe vector, pSD7, has been con- 
structed [19]. The vector carries extrachromosomal origins of DNA replication 
from E. coli as well as pALSOOO, which facilitate replication both in E. coli as well 
as in mycobacteria. Apart from these, it carries the kanamycin resistance gene for 
positive selection in mycobacteria and a promoterless chloramphenicol acetyl 
transferase (CAT) reporter gene to detect mycobacterial promoter elements in a 
homologous environment and to quantify their relative strengths. This vector 
was employed for the isolation and characterization of a large number of pro- 
moters from fast-growing as well as slow-growing mycobacteria [19]. These stud- 
ies demonstrated that the majority of the mycobacterial promoters functioned 
very poorly in E. coli, thereby stressing the importance of developing tools for use 
in homologous systems. Using an E. coli promoter probe vector would have lim- 
ited the isolation only to those promoters which are active in E. coli [19]. Another 
Mycobacterium-E. coli shuttle vector, pSD5, has been constructed for the expres- 
sion of genes in mycobacteria [20]. This expression vector carries a kanamycin 
resistance gene as the selectable marker and origins of DNA replication from 
mycobacteria (ORI M) and E. coli (pl5A). In order to generate a versatile ex- 
pression system that would permit modulation of gene expression in mycobac- 
teria, a modular expression cassette was designed. This expression cassette con- 
tained three different compartments (i) cloning sites for promoters, (ii) 
translational signals comprising of ribosome binding site and an ATG codon, and 
(hi) multiple cloning sites (MGS). The first two compartments were separated by 
translational termination codons in all three reading frames to uncouple tran- 
scriptional initiation from translational initiation. The RBS was derived from the 
M. leprae hsp65 gene with suitable modifications to create an Nde I site at the ATG 
codon which helps in maintaining an optimal distance between the initiation 
codon and the vector-derived RBS, on cloning of the gene in the Nde I site. In or- 
der to stabilize the transcripts derived from strong promoters and to prevent any 
read-through transcription originating from ORI M, transcriptional terminators 
were cloned downstream of the gene cloning sites and upstream of the promoter 
cloning sites, respectively [20]. Such a system facilitates cloning of genes under 
a battery of promoters, and achieving varied levels of expression. This is espe- 
cially important in the case of expression of candidate genes for development of 
rBCG vaccines. The level of expression of the antigen often determines the im- 
munogenicity and also in some cases overexpression of the antigen to very high 
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levels is known to cause lethality. Development of a modular expression vector 
such as pSD5 thus not only facilitates the expression of such lethal genes but also 
ensures the desired level of expression of the candidate antigens by using a 
single parental vector. The versatility of pSD5 to provide a range of expression 
was assessed by using mycobacterial promoters of various strengths to drive ex- 
pression of the gene encoding E. coli S-adenosylmethionine decarboxylase (SAM 
decarboxylase). Expression levels varying by more than 100-fold were achieved 
by using different mycobacterial promoters [20]. 

For stable expression of genes in M. bovis BCG, to develop an rBCG system, 
vectors have to be stably maintained in the absence of any antibiotic or selection 
pressure. To facilitate this, integration-proficient vectors were constructed [21]. 
The expression vector pSD5 was modified by replacing ORI M with the integra- 
tion signals from mycobacteriophage L5. The resulting vector, pDK20, replicates 
in E. coli extrachromosomally and has been demonstrated to integrate into the 
mycobacterial genome in a site-specific manner. By cloning different mycobac- 
terial promoters in pDK20 and using lacZ as the reporter gene, an about 450-fold 
variation in the levels of ^-galactosidase expression was demonstrated in M. bo- 
vis BCG [21]. 

The nodal expression vector, pSD5, was also used to construct two novel shut- 
tle vectors, pSD5B andpSDSC [21]. Plasmid pSD5B is a promoter-selection vec- 
tor containing a promoterless lacZ gene and allows the identification of myco- 
bacterial promoters by the blue color of the colonies on solid media containing 
X-gal. Using pSD5B, mycobacterial promoters were isolated with a frequency of 
10% [21]. Plasmid pSD5C has been designed to construct mycobacterial genomic 
libraries and express the cloned DNA inserts as fusion proteins with maltose 
binding protein (MBP) in mycobacteria. Such a vector system facilitates post- 
translational modifications such as glycosylation and acylation and also secretion 
of proteins in the native mycobacterial environment, which is not achievable if 
these genes were to be expressed in E. coli. pSD5C provides the possibility of ex- 
pressing such genes in mycobacteria and easy purification of appropriately mod- 
ified proteins directly from mycobacteria on affinity columns using amylose 
resins. The presence of a Factor Xa cleavage site between MBP and the expressed 
protein facilitates cleavage with Factor Xa to release pure mycobacterial protein 
synthesized in its native environment. Thus, the development of these vectors 
combines the ease of working in E. coli with the advantage of directly propagat- 
ing them in mycobacteria without further manipulation [21]. 

Both replicative and integration-proficient vectors are being used in myco- 
bacteria for the expression of antigens, for the development of candidate vac- 
cines. In a study to investigate the stability of a gene in a replicative vector ver- 
sus its integration in the chromosome, the lacZ gene was cloned in a replicative 
as well as in an integration-proficient vector [22]. Occurrence of white colonies 
on X-gal plates indicated the loss of expression of lacZ. In the case of integration- 
proficient vectors, the loss of lacZ phenotype was found to be due to the inser- 
tion of an IS element in the lacZ gene, whereas in the case of replicative vectors, 
the loss of LacZ phenotype occurred due to deletions in different regions of the 
lacZ gene and phsp60 promoter. The frequency of such events was calculated to 
be 1.7 X 10~^ in the case of an integration-proficient vector and 2x 10“^ in the case 
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of replicative vectors, thus implying that integration-proficient vectors could be 
a better choice for the development of vaccines [22]. 

To identify promoters whose transcription is under the control of a regulatory 
protein, a novel strategy has been described for mycobacteria using lacZ as the 
reporter gene [23]. In this strategy, the gene encoding the regulatory protein is 
cloned downstream of the inducible mycobacterial acetamidase promoter and 
the transcription of the gene is regulated by the presence or absence of acetamide 
in the culture medium. In addition, the vector contains a promoterless lacZ gene. 
By using this vector a promoter library can be generated by cloning the DNA 
fragments upstream to the lacZ gene. Subsequently, M. smegmatis can be trans- 
formed with this library and the transformants selected on LB agar plates con- 
taining the appropriate antibiotic. The colonies can then be replica plated onto 
minimal agar plates containing X-gal along with either succinate or acetamide. 
Promoters either down-regulated or up-regulated by the regulatory protein can 
be identified by the blue-to-white or white-to-blue transition of colonies, re- 
spectively. However, this strategy can be especially useful for genes, which are pre- 
sent only in the slow-growing species of mycobacteria and are absent in the fast- 
growing species [23]. 

In order to analyze the in vivo expression of mycobacterial promoters, a vec- 
tor containing promoterless green fluorescent protein (GFP) has been con- 
structed. Promoters can be cloned upstream and the constructs used to trans- 
form M. tuberculosis. The level of GFP expression can be monitored both in vitro 
and in vivo (after infection of animals or a cell line) to determine if the promoter 
is induced under such conditions [24]. 

A vector has also been developed for investigating the M. tuberculosis-phago- 
cytic cell interaction [25]. In this vector, mycobacterial genomic fragments are 
cloned upstream of the ere gene. The vector carries an antibiotic resistance 
switch, which signals the interaction of mycobacteria and the macrophage. The 
antibiotic resistance marker is switched on using the Cre-LoxP system when the 
mycobacterial promoter activates the ere gene. The pathogen’s interaction with 
the host cells activates the promoter, which in turn stimulates the Cre-LoxP-de- 
pendent recombination [25]. 

Plasmid pAL5000 was the first plasmid to have been characterized from my- 
cobacteria. The plasmid is ~4.8 kb in size and it is believed that a -1.8 kb frag- 
ment spanning two open reading frames (ORFs), ORFl and ORF2 is necessary 
and sufficient for replication. Studying the replication mechanism of this plasmid 
can provide further insight into the replication mechanism of mycobacteria. The 
ORF1-ORF2 region can potentially produce two polypeptides RepA and RepB, al- 
though there is no direct evidence indicating that they are expressed in myco- 
bacterial cells harboring pAL5000 vectors. The role of RepA and RepB in repli- 
cation of the plasmid has been characterized [26] . It was observed that when the 
repA-repB genes were expressed in E. coli, a strong ori binding activity was gen- 
erated in the host cell. When the gene encoding RepB was inactivated, a complete 
loss of activity was observed. However, inactivation of repA had a partial effect 
indicating that while repB plays an important role in the process, its activity is 
stimulated through the co-expression of repA [26]. Moreover, this stimulatory 
effect was observed only when the expression of repA and repB are coupled. At 
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very high concentrations (1 |rM), the purified RepB protein formed an ori com- 
plex of low specificity, which was sensitive to high salt and challenge by non-spe- 
cific competitor. In contrast to this, the complex formed by the extract of cells ex- 
pressing repA-repB was highly specific and resistant to both types of challenge. 
At a ten-fold lower concentration, however, it was observed that RepB failed to 
demonstrate any ori binding activity, but was able to form salt resistant com- 
plexes in vitro, provided host factors were present [26]. Supershift experiments 
using antiserum specific to RepB also demonstrated that RepB was a key com- 
ponent of the specific complex formed by extracts prepared from E. coli cells 
expressing the repA-repB genes and also mycobacterial cells harboring the 
pAL5000-derived vectors. Hence, these results indicate that in vivo RepB interacts 
with host factors and forms an ori complex and that this activity is maximal only 
when RepA and RepB are co-expressed [26]. Thus, for the first time direct in- 
volvement of a mycobacterial replication protein in ori complex formation has 
been demonstrated in mycobacteria, using RepB as a model [26]. 

While studying the replication of E. co h-mycobacteria shuttle vectors in 
M. smegmatis, a unique phenomenon of transposition was observed [27]. IS1096, 
an M. smegmatis transposon, was found to frequently transpose at a cluster of 
sites located within a small region of 60 bp immediately upstream of a kanamycin 
resistance gene present in these vectors. Because of these transpositions, the vec- 
tors, which were all derived from pALSOOO and pUC19, were frequently found to 
undergo structural alterations. Characterization of these structural alterations 
revealed deletions of large regions of vector which, in several cases, were found 
to extend into the ORF2 (RepB) coding sequences of the pALSOOO replication re- 
gion, without affecting its replication capability [27]. This suggests that the en- 
tire coding sequences of the pALSOOO replication region might not be essential 
for replication of pALSOOO-derived vectors. These deletion derivatives were foimd 
to be structurally stable and therefore can be potentially used for the construc- 
tion of stable vector systems for use in mycobacteria [27]. 



2.2 

Mycobacteriophages 

Mycobacteriophages have played a key role in the development of mycobacter- 
ial genetics and have been helpful in evolving methods for the introduction of 
DNA into the mycobacteria and the generation of stable recombinants as well as 
for the construction of vectors and a variety of other genetic tools. Mycobacte- 
riophage LI is a lysogenic phage of mycobacteria which, along with mycobacte- 
riophages L5 and D29, constitutes a closely linked family of mycobacteriophages. 
Mycobacteriophages have gained prominence due to their potential for use in 
genetic engineering of mycobacteria and diagnosis of mycobacterial infection. 
However, the effectiveness of phages depends on the efficiency with which they 
infect and grow within target cells. While working with LI cits, a temperature- sen- 
sitive mutant of mycobacteriophage LI, it was observed that it initially gave rise 
to low titer phage stocks [28]. Repeated passage through the host,M. smegmatis, 
generated high yielding stocks that were 10-100 times more efficient in produc- 
ing phage particles. A high-yielding mutant, LI -P2 obtained from one such high 
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yielding stock, was analyzed further [28]. The DNA obtained from Ll-P2,when 
examined by restriction digestion, was observed to have undergone spontaneous 
loss of a DNA fragment from the right arm, which encodes early regulatory fac- 
tors [28]. These high yielding mutants are currently being used as the starting 
material for developing diagnostic systems. The mechanism of adsorption by 
phages, as well as the events that take place during the early phase of growth fol- 
lowing infection are also being investigated using proteomic analysis tools [29]. 

The structural proteins of mycobacteriophage 13 have been analyzed by SDS- 
PAGE, radioio dination and immunoblotting. Based on their abundance the 
34-kDa and 70-kDa bands appeared to represent the major structural proteins. 
The gene encoding the 70-kDa protein was cloned and expressed in E. coli. The 
complete nucleotide sequence of this gene has also been determined [30]. 



2.3 

Transposition in Mycobacteria 

Transposons are genetic entities encoding functions that facilitate their mobil- 
ity from one site on a DNA molecule to another, independent of host recombi- 
nation functions. Transposons have been exploited as genetic tools for a variety 
of purposes such as for creating mutants by insertion, thereby enabling the iden- 
tification of gene function or for the identification of genes involved in virulence 
by signature tagged mutagenesis. Transposons can be employed to identify veg- 
etative as well as regulatory promoters for study of gene expression. Exported 
proteins can be identified by employing a reporter gene encoding an enzyme that 
is functional only in an extracytoplasmic compartment. Several insertion ele- 
ments isolated from mycobacteria have been found to be species-specific. Hence, 
transposons have also been used for diagnosis as well as typing of mycobacter- 
ial strains by PGR tests. 

A novel insertion sequence, IS219, was isolated from M.fortuitum by using a 
trap vector [31]. The trap vector is a temperature-sensitive (ts) E. coli-Mycobac- 
terium shuttle plasmid and carries a ts ORI M, the kanamycin resistance gene as 
a selection marker and a lacZ expression cassette. The ts mutation present in the 
vector functions in mycobacteria and facilitates identification of transposable 
elements that disrupt the lacZ gene (by screening for white colonies on X-gal 
plates). IS219 was characterized and was observed to have inverted repeats at its 
ends. It contained two OREs on one strand and duplicated host DNA at the tar- 
get site. Southern blot analysis failed to reveal the presence of this insertion ele- 
ment in several slow- and fast-growing mycobacterial species analyzed. In the 
case of M.fortuitum, two copies of this insertion element were detected [31]. 

An insertion element-like repetitive sequence has also been described from 
M. tuberculosis [32]. The repeat sequence contained three putative OREs, several 
direct repeats and seven inverted repeats. This repeat element had a low degree 
of polymorphism, was specific for the M. tuberculosis complex and was con- 
served among the various clinical isolates of M. tuberculosis. This repeat element 
can thus serve as an ideal target for PGR analysis to detect M. tuberculosis in clin- 
ical specimens, especially to detect strains that lack a copy of IS6110 [32]. Stud- 
ies have been carried out for the evaluation of this element as a target for detec- 
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tion of tuberculous lymphadenitis by PCR analysis (described later in this chap- 
ter). 



2.4 

DNA Replication, Homologous Recombination and DNA Repair 

Pathogenic mycobacteria are characterized by extremely slow growth rates. Com- 
parative studies of metabolism in M. tuberculosis, M. smegmatis and E. coli have 
shown nucleic acid biosynthesis (replication and/or transcription) to be a strong 
candidate for regulation of the growth rate. However, the differences in the rate 
of transcription cannot account for the 5-7-fold slower growth rate of M. tuber- 
culosis compared to M. smegmatis. Thus chromosomal DNA replication must be 
intimately associated with the growth rate of mycobacteria. In a classical study 
it was shown that the replication rate of 3,200 nucelotides/min in the case of 
M. tuberculosis was 11 times slower than in M. smegmatis and 13 to 18 times 
slower than in E. coli [33]. Hence, studying the mechanism of replication and the 
proteins involved can provide novel insights as well as unravel potentially novel 
targets for anti-tubercular drugs. 

Topoisomerases represent a class of enzymes that function in several impor- 
tant cellular processes related to nucleic acids such as DNA replication, tran- 
scription, recombination, chromosomal segregation etc. DNA topoisomerases are 
essential for survival in all organisms. Characterization of this group of enzymes 
will help in understanding their role in the basic biology of the organism, in vir- 
ulence gene expression and for their development as molecular drug targets. The 
DNA topoisomerase I and DNA gyrase enzymes from mycobacteria have been 
extensively characterized using various biochemical studies. DNA topoiso- 
merase I was purified from M. smegmatis to near homogeneity using a series of 
chromatographic steps [34]. Although the topoisomerase was similar to the one 
from E. coli, the enzyme was considerably larger (110 kDa). The N-terminal se- 
quence of the two enzymes was also different. On analysis of the biochemical 
properties and reactions of the enzyme, it was found to be similar to the E. coli 
counterpart in many respects such as (i) DNA relaxation, catenation and knot- 
ting reactions, (ii) absolute requirement for Mg^"^ ion, (iii) covalent linkage to the 
5 '-end of the nicked DNA, (iv) presence of tyrosine at the active site etc. However, 
the mycobacterial enzyme also displayed some different characteristics with re- 
spect to the E. coli enzyme such as (i) pH optima, (ii) thermal stability, (iii) effect 
of spermidine on the enzyme activity and iv) role of cysteines in catalysis [34]. 
The mycobacterial enzyme was found to be active even after long periods of stor- 
age and over a broad pH range. The enzyme was not found to contain any bound 
Zn^"^ and retained the activity even on modification of cysteine residues, sug- 
gesting a different mechanism of DNA binding for this enzyme [34]. Using a two- 
substrate assay system it was demonstrated that the enzyme acted processively 
at low ionic strength and switched over to distributive mode at high Mg^"^ con- 
centration. The enzyme activity was stimulated by single-stranded DNA binding 
(SSB) protein [34] . By employing a novel approach, the cleavage sites of M. smeg- 
matis topoisomerase I were mapped [35]. An electrophoretic mobility shift assay 
of enzyme- DNA covalent complexes revealed that the enzyme bound to double- 
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Stranded DNA at regions having strong topoisomerase I sites with high affinity. 
Mg^+, which is essential for the DNA relaxation activity of the enzyme, was not 
required for its binding to DNA [35]. The cleavage site within the binding region 
was determined to be CG/TCTT, which was surprisingly similar to the cleavage 
sites of some of the well-characterized eukaryotic topoisomerases [35]. Using 
DNA binding, oligonucleotide competition and covalent complex assays, the 
length of the substrate required for interaction was determined to be much 
longer (~20 nucleotides) in contrast to E. coli topoisomerase I and III (~8 nu- 
cleotides). PI nuclease and KMn 04 footprinting studies indicated the region 
spanning 20 nucleotides upstream and 2-3 nucleotides downstream of the cleav- 
age site to be protected [36]. Both single-stranded and double-stranded DNA 
substrates containing the strong topoisomerase I sites interacted efficiently with 
the enzyme. In addition, oligonucleotides containing strong topoisomerase I sites 
were found to effectively inhibit the M. smegmatis topoisomerase I DNA relax- 
ation activity [36]. Strong topoisomerase I binding sites of the enzyme were also 
mapped on the genomic DNA sequences from M. smegmatis and M. tuberculo- 
sis [37]. Mapping of the sites revealed conservation of a pentanucleotide motif 
CG/TCT/T at the cleavage site. The protein exhibited a very high preference for 
C or G residue at the -1-2 position with respect to the cleavage site. Based on the 
DNase I footprinting, methylation protection and interference analysis and use 
of conformation specific probes, a model of topoisomerase I binding to its sub- 
strate has been proposed [37, 38]. Within the large protected region of 30 bp, the 
enzyme makes direct contact at two locations in the scissile strand, one around 
the cleavage site and the other 8-12 bases upstream. Thus, the recognition of 
DNA is asymmetric in nature and the enzyme could carry out DNA relaxation by 
either of the two proposed mechanisms; enzyme-bridged and restricted rotation 
[37, 38]. Besides, it was demonstrated that SSB could specifically stimulate DNA 
topoisomerase I activity without direct protein-protein interactions. The stimu- 
lation was specific to topoisomerase I as DNA gyrase activity was unaffected by 
SSB protein, suggesting that such cases of functional collaboration between DNA 
transaction proteins play important roles in vivo [39]. 

DNA gyrase is a bacterial type II DNA topoisomerase which induces negative 
supercoils in DNA. The prototype enzyme from E. coli is a tetrameric protein 
(AjBj) having supercoiling-relaxation, catenation-decatenation and knotting-un- 
knotting activities. It is encoded by two genes, gyrA and gyrB, producing the A 
and B subunits. The genes encoding the subunits of DNA gyrase, GyrA and GyrB 
have been cloned from M. tuberculosis and M. smegmatis [40, 41] and their or- 
ganization and regulation from M. smegmatis has been studied. The two genes 
were part of a single operon, and the gyr promoter, which was specific to my- 
cobacteria was non-functional in E. coli. In keeping with its involvement in in- 
creasing the supercoiling of DNA, the expression of the gyr genes was observed 
to be induced by the relaxation of the DNA template [42]. Relaxation-stimulated 
transcriptional activity was also observed in M. smegmatis gyr genes although 
the mechanism was different from the one reported for E. coli. It was observed 
that DNA elements that are present 600 bp downstream of the promoter are nec- 
essary for relaxation-stimulated transcription to occur in the plasmid context 
[42]. The gyr genes were also induced when the cells were treated with novo- 
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biocin (a known inhibitor of DNA gyrase) [42]. The purified recombinant GyrA 
and GyrB on combination exhibited strong ATP-dependent DNA supercoiling ac- 
tivity [41]. A GyrB-specific monoclonal antibody (mAb) from M. smegmatis did 
not cross react with GyrB of either E. coli or other mycobacterial species [43]. 
Hence, it has been suggested that monoclonal antibodies (mAbs) specific to 
M. tuberculosis or M. leprae GyrB proteins could be used for rapid diagnosis of 
mycobacterial infections. The epitope for the mAb was demonstrated to be lo- 
cated in the N-terminal region of M. smegmatis GyrB [43]. The binding site of the 
mAb did not overlap with the binding site of novobiocin which also interacts 
with the N-terminus of GyrB in E. coli. Immunoprecipitation studies with cell- 
free extracts revealed interaction of GyrA and GyrB subunits, which was inhib- 
ited by sodium chloride suggesting the nature of interactions to be ionic [43]. 
Monoclonal antibodies were also generated against GyrA of M. smegmatis, which 
showed a high degree of cross-reactivity with both fast-growing and slow-grow- 
ing mycobacteria but failed to recognize E. coli GyrA [44]. The epitopes for these 
mAbs were mapped to different regions of the protein. Moreover, the two mAbs 
were shown to inhibit DNA supercoiling activity of the enzyme [44] . Thus, apart 
from serving as useful reagents for structure-function analysis of mycobacterial 
DNA gyrase, these will also be useful for designing peptide inhibitors against 
DNA gyrase. 

Gompounds that inhibit E. coli DNA gyrase include quinolones, coumarins, 
microcin B17, CcdB and cyclic peptide cyclothialidines. Detailed analyses of the 
effect of various groups of inhibitors on M. smegmatis gyrase demonstrated the 
latter to be refractory to the plasmid-borne proteinaceous inhibitors CcdB and 
microcin B17 [45]. Ciprofloxacin, a fluoroquinolone, exhibited a 10-fold de- 
creased inhibition of M. smegmatis DNA gyrase as compared to the E. coli en- 
zyme. However, DNA gyrases from both E. coli and M. smegmatis were equally 
susceptible to etoposide, an antineoplastic drug [45]. 

Mycobacteria being G-l-C-rich organisms might employ unique enzymes/pro- 
teins for their DNA replication. Characterization of these activities can be use- 
ful in the identification of new drug targets. Since many of the mechanisms in- 
volved in macrophage killing result in the production of DNA-damaging agents 
such as peroxide and nitric oxide, DNA repair mechanisms are likely to be im- 
portant for intracellular survival of mycobacteria. Some of the important en- 
zymes involved in DNA repair in mycobacteria were characterized. Uracil, a pro- 
mutagenic base in DNA can be formed by spontaneous deamination of cytosine 
or incorporation of dUMP by DNA polymerase. Deamination of cytosine results 
in the appearance of uracil residues in DNA which, unless removed, lead to 
G:G ^ A:T mutations. Uracil DNA glycosylase (UDG), that initiates uracil exci- 
sion repair to safeguard the genomic integrity, was purified from M. smegmatis 
by more than 3000-fold [46]. Unlike E. coli UDG which formed a physiologically 
irreversible complex with the inhibitor protein Ugi, M. smegmatis UDG formed 
a dissociable complex with Ugi. Studies to determine the substrate specificity of 
M. smegmatis UDG showed that it excised uracil from the 5'-terminal position 
of the 5'-phosphorylated substrates [46]. However, its excision from the 3'-penul- 
timate position was extremely poor. pd(UN)p was found to be the minimal sub- 
strate of M. smegmatis UDG, as in the case of UDG from E. coli. Based on several 
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kinetic parameters it was suggested that M. smegmatis UDG was an efficient en- 
zyme and better suited for applications in molecular biology work [46]. 

Relatively inefficient excision of uracil from looped structures compared with 
excision from single-stranded ‘unstructured’ substrates suggested that destabi- 
lization of the loop structures maybe required for efficient repair. It appears that 
SSB proteins may be involved in melting such structures. The effect of SSB pro- 
teins from E. coli and M. tuberculosis on uracil excision by UDG enzymes from 
E. coli, M. smegmatis and M. tuberculosis showed that the presence of SSBs with 
all three UDGs resulted in decreased efficiency of uracil excision from a single 
stranded “unstructured” oligonucleotide [47]. However, when a hairpin oligonu- 
cleotide containing a U residue at the 2nd position in a tetraloop was used as the 
substrate, addition of SSB protein to their respective UDG counterparts resulted 
in increased efficiency of uracil excision. Heterologous combinations did not ex- 
hibit this increase in efficiency. Using the surface plasmon resonance technique, 
the interactions between homologous combinations of SSBs and UDGs and a 
weaker or non-detectable interaction between heterologous combinations were 
demonstrated [47]. 

The gene encoding the SSB protein which plays an important role in DNA 
replication, DNA repair and recombination has been cloned from M. tuberculo- 
sis, overexpressed and characterized [48]. Sequence comparisons of M. tubercu- 
losis SSB with E. coli SSB revealed that the former lacked or differed with respect 
to several highly conserved amino acids crucial for the E. coli SSB structure-func- 
tion relationship. M. tuberculosis SSB also has a distinct C-terminal domain. 
However, despite these non-conserved changes, the SSB proteins from E. coli and 
M. tuberculosis have been found to be similar in their biochemical properties. 
Like E. coli SSB, the protein from mycobacteria also binds to DNA as a tetramer 
[48]. Using yeast two-hybrid assays, it was demonstrated that E. coli SSB and 
M. tuberculosis SSB were capable of hetero -oligomerization. Ghimeric constructs 
were made between the N- and G- terminal domains of the M. tuberculosis SSB 
and E. coli SSB [49]. These existed as homotetramers and demonstrated DNA 
binding properties similar to their wild-type counterparts. However, neither the 
M. tuberculosis SSB nor the chimeric constructs were able to complement an ssb 
deletion construct of E. coli. The inability of the chimeric constructs to comple- 
ment a E. coli mutant highlights the need for the N- and G-terminal domains to 
communicate with each other as well as with the other cellular proteins [49] . The 
chimeric proteins were also used to investigate the interaction between SSBs and 
UDGs. Using far Western analysis, surface plasmon resonance and the elec- 
trophoretic mobility shift assay, it was shown that the E. coli SSB or chimeras con- 
taining the C-terminal domain interacted with E. coli UDG in a binary (SSB- 
UDG) or ternary (DNA-SSB-UDG) manner [50]. However, the chimeras 
containing the N-terminal domain from E. coli SSB showed no interactions with 
E. coli UDG, implicating the C-terminal domain to be necessary and sufficient for 
interaction with UDG. Similarly, the interaction of M. tuberculosis SSB with M. tu- 
berculosis UDG was through the C-terminal domain of SSB [50]. Recently, SSB 
from the fast-growing mycobacteria, M. smegmatis has been characterized and 
it has been shown that the C-terminal domain of SSB interacts within the DNA 
binding groove of UDG [51]. These observations thus suggest that SSB may fa- 
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cilitate recruitment of UDG to the site of the lesion. These studies have high- 
lighted the significance of SSB-UDG interaction in uracil excision repair in the 
transiently occurring single stranded regions of the genome, such as the tran- 
scription bubble or replication fork. 

The SOS bacterial response to DNA damage involves the coordinate induced 
expression of more than 20 genes. RecA protein plays a central role in the regu- 
lation of the SOS response, homologous recombination and DNA repair. Exten- 
sive studies have been carried out on the RecA protein of M. tuberculosis. The 
ability to achieve a high frequency of homologous recombination can signifi- 
cantly contribute towards the construction of mutants of M. tuberculosis, genetic 
analysis of mycobacteria and in understanding the mechanisms of pathogenesis. 
Allele replacement has been achieved in M. smegmatis, M. intracellulare and in 
the cases of certain genes in M. tuberculosis. However, in slow-growing species 
such as M. tuberculosis and M. bovis BGG it has been rather difficult to disrupt 
genes, perhaps due to their ability to promote random integration by non-ho- 
mologous recombination. The recA genes of pathogenic mycobacteria are dis- 
tinct from the recA genes of other organisms in that the genetic locus specifying 
the functional protein comprises a single ORE that is interrupted by an intein 
coding sequence. The active form of RecA protein is generated by excision of a 
portion of the RecA precursor and ligation of the N-terminal and C-terminal 
domains. By the use of in vivo assays, it was shown that M. tuberculosis recA par- 
tially complements E. coli recA mutants for recombination and in the repair of 
UV-damaged DNA [52]. However, splicing of the 85 kDa precursor to the 38 kDa 
RecA protein was necessary for manifestation of in vivo activity. Therefore, a 
strategy to purify both the 85 kDa precursor and M. tuberculosis RecA proteins 
to homogeneity was devised in order to gain an insight into the partial or total 
lack of complementation by M. tuberculosis RecA or 85 kDa protein, respectively 
[52]. Using a combination of assays, it was shown that the spliced form of 
M. tuberculosis RecA, but not 85 kDa protein, interacts with single-stranded DNA 
(ssDNA) to generate protein-DNA complexes. With regard to DNA-DNA pairing 
and strand exchange activities M. tuberculosis RecA exhibited unique properties. 
E. coli RecA protein binds to ssDNA in the presence or absence of ATR In con- 
trast, M. tuberculosis RecA protein required the presence of ATP for efficient 
binding, however, this binding was independent of ATP hydrolysis [52]. M. tu- 
berculosis RecA also showed reduced affinity for ATP, and its hydrolysis, com- 
pared to that by E. coli RecA, but was proficient in homologous recombination. 
This along with the fact that the M. tuberculosis RecA protein is defective in dis- 
placing SSB from ssDNA, may account for the partial complementation of E. coli 
RecA mutants [52]. The 85-kDa protein showed a complete lack of DNA-binding, 
ATP-binding and ATPase activity. Molecular modeling studies suggest that the 
decreased affinity of M. tuberculosis RecA protein for ATP and its reduced effi- 
ciency for ATP hydrolysis might be due to the widening of the cleft. This alters the 
hydrogen bonds and the contact area between the enzyme and substrate and dis- 
position of the amino acid residues around the magnesium ion and y-phosphate 
[52]. 

The homologous DNA pairing and strand exchange activities of RecA of 
M. tuberculosis was demonstrated to be pH dependent [53]. The formation of 
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joint molecules promoted by the concerted action of M. tuberculosis RecA and 
SSB was maximal around neutral pH. However, optimal strand transfer occurred 
only at higher pH. The order of addition experiments suggested the essential re- 
quirement for SSB when added after M. tuberculosis RecA. Studies using short or 
long duplex DNA to promote efficient strand exchange have led to observations 
that are consistent with a model in which the networks are formed by the inva- 
sion of hybrid DNA by the displaced linear single-stranded DNA. Titration of 
strand exchange reactions with ATP or salt distinguished a condition under 
which the formation of networks was prohibited without significantly affecting 
the strand exchange [53]. The X-ray structure of M. tuberculosis RecA protein has 
also been determined [54]. DNA binding by SSB proteins of M. tuberculosis and 
M. smegmatis was associated with enhanced sensitivity to proteases at the car- 
boxyl-terminal domain, which was also the site of interaction of its cognate RecA 

[55] . The proteolytic signatures of free and bound forms of SSB proteins dis- 
closed that DNA binding was associated with structural changes at the C-termi- 
nal domain. Under comparable experimental conditions the SSB protein from 
mycobacteria displayed high affinity for cognate RecA, but not for E. coli RecA. 
SSB and RecA were also co-immunoprecipitated from cell lysates, further sup- 
porting an interaction between these proteins in vivo [55] . These studies have im- 
proved our understanding of the molecular basis of intrinsic resistance of M. tu- 
berculosis to allele exchange and the basis for higher frequency of illegitimate 
recombination. 

Methylation of DNA plays an important role in several critical processes such 
as control of DNA replication and its repair. The status of Dam/Dcm methylation 
in the genus mycobacteria was not known. Hence, using isoschizomer restriction 
enzymes, the presence of 6-methyladenine and 5-methylcytosine at Dam (GATC) 
and Dcm (CCA/TGG) sites in DNA of mycobacterial species were investigated 

[56] . In all the species examined, the absence of methylation at the Dam and Dcm 
recognition sequences indicated the absence of these methylases. However, HPLC 
analysis of genomic DNA from M. smegmatis and M. tuberculosis exhibited sig- 
nificant levels of 6-methyladenine and 5-methylcytosine suggesting the presence 
of DNA methyltransferases other than Dam and Dcm. The presence of methyla- 
tion in the genomic DNA was also confirmed by employing a sensitive genetic 
screen [56]. 



2.5 

Synthesis of Proteins and Growth Rate of Mycobacteria 

The genus Mycobacterium comprises fast growers such as M. smegmatis and 
M. phlei and slow growers such as M. tuberculosis, M. bovis and M. leprae. The 
growth rate of an organism is generally related to the rate of protein synthesis 
which, in turn, is dependent upon the abundance of ribosomes and the other cel- 
lular components associated with protein biosynthesis. In accordance with this 
premise, two ribosomal RNA operons are present in the fast grower M. smegma- 
tis as opposed to only one in the case of the slow grower M. tuberculosis. Previ- 
ously, qualitative differences in the total tRNA pools between M. tuberculosis and 
M. smegmatis have been reported [57]. Further, the initiator tRNA gene, metA 
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and an initiator tRNA-like sequence, metB from M. tuberculosis H 37 Ra have been 
cloned and characterized [58]. The sequence of mature tRNA was found to con- 
tain all the three unique features of the eubacterial initiator tRNAs. However, RNA 
blot analysis of the total tRNA prepared from M. tuberculosis and M. smegmatis 
demonstrated that in vivo the tRNA exists in the formylated form. By using the 
CAT reporter gene, the promoter was demonstrated to be very strong with con- 
served sequence elements at the -10 and -35 regions [58]. A method to prepare 
total RNA from mycobacteria in order to analyze the in vivo status of tRNAs has 
also been described [58]. The initiator tRNA gene locus of the avirulent (HjyRa) 
and virulent (HjyRv) strains of M. tuberculosis have also been mapped, demon- 
strating that metA and metB are located on contiguous fragments, separated by 
an insertion element IS6110. Surprisingly, M. smegmatis,\he fast-growing species 
showed the presence of a single initiator tRNA gene [59]. 

In eubacteria, once the translating ribosomes reach a termination codon, 
release factors in response to termination codons bind to the ribosome A-site 
triggering hydrolysis of the P-site-bound peptidyl-tRNA and culminating in the 
release of the nascent polypeptide chain. However, subsequent to the release of 
the polypeptide, 70S ribosome and the P-site-bound deacylated tRNA still remain 
attached to the mRNA. With the most important events in initiation of protein 
synthesis occurring on the P-site of the SOS ribosomal subunits, it is imperative 
that the terminating ribosomal complex dissociates before the start of a fresh 
round of polypeptide biosynthesis. The ribosome recycling factor, RRF, is in- 
volved in the dissociation of the termination complex. The gene encoding RRF 
of M. tuberculosis has been cloned [60]. However, the M. tuberculosis RRF failed 
to rescue an E. coli strain temperature sensitive for RRF. Interestingly, co-ex- 
pression of M. tuberculosis elongation factor G (EFG) with M. tuberculosis RRF 
rescued the temperature sensitive RRF strain of E. coli. The simultaneous ex- 
pression of M. tuberculosis EFG was also required to cause an enhanced release 
of peptidyl-tRNAs in E. colibyM. tuberculosis RRF [60]. Thus, the simultaneous 
expression of RRF and EFG of M. tuberculosis in E. coli provides the first genetic 
evidence for a functional interaction between RRF and elongation factor G [60]. 
The failure to detect an interaction between M. tuberculosis RRF and M. tuber- 
culosis EFG by surface plasmon resonance and far- Western analysis indicated 
that the specific interactions between the two proteins might be effected on the 
ribosomes. In addition, the complementation of an£. coli strain, which carries a 
mutation in the EFG gene by M. tuberculosis EFG, suggests that the mechanism 
of RRF function is independent of the translocation activity of EFG [60]. Un- 
derstanding the mechanism of action of the M. tuberculosis RRF would promote 
the possibility of its employment as a drug target to control mycobacterial 
growth. 

M. tuberculosis contains only one rrn operon encoding rRNAs. Two promot- 
ers PI and P3 driving the transcription of rrn operon were identified and the role 
of RNase III in pre-rRNA processing was demonstrated in mycobacteria for the 
first time [61]. In addition to demonstrating the high strength of the rrn pro- 
moter, the analysis of promoter using M. smegmatis as a host has demonstrated 
that rrn promoters are subject to regulation as a function of growth rate. These 
cross-species experiments indicate that the characteristically low content of RNA 
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per unit of DNA of M. tuberculosis cannot be ascribed to the inherent structure 
or sequence of rrn promoter [62]. 

It has been shown that the morphology and staining pattern are different for 
mycobacteria grown in vitro and for persistors obtained from the lung lesions. 
It has also been shown that the morphology and staining pattern exhibited by 
persistors can be obtained in vitro by depriving the mycobacterial cultures of any 
nutrients. These observations thus suggest that the natural persistors may be 
physiologically similar to bacteria in nutritionally starved cultures. Hence, it has 
been hypothesized that studying the physiology and morphology of such starved 
cultures can help us in understanding the mechanism of latency. 

Bacteria are known to adapt to nutritional stress for their survival through a 
mechanism termed as stringent response. Stringent response is characterized by 
the accumulation of guanosine tetraphosphate (ppGpp), also called the stringent 
factor, and downregulation of stable RNA (rRNA and tRNA) synthesis. Starvation 
in mycobacteria was studied using M. smegmatis as the model organism [63]. It 
was shown that ppGpp accumulation in mycobacteria was accompanied by mor- 
phological changes in M. smegmatis under conditions of carbon starvation. It has 
been proposed that the accumulation of ppGpp in M. smegmatis may be re- 
sponsible for the morphological change from an elongated rod to a spherical coc- 
cus, as seen in the case of carbon-starved M. smegmatis. In order to correlate the 
morphological changes and accumulation of ppGpp, the relA gene from E. coli 
was expressed in M. smegmatis. The effect of ppGpp accumulation on the growth 
kinetics of M. smegmatis was also studied. As expected, a slower rate of growth 
was observed on expression of relA. Moreover, it was shown that M. smegmatis 
assumes a coccoid morphology (similar to persistors) when ppGpp is ectopically 
produced by overexpression of E. coli relA in an enriched nutritional medium 
[63]. Analysis of the genome sequences also revealed the presence of a single gene 
in M. tuberculosis and M. leprae, having almost 50% homology to both relA and 
spoT (encoding ppGpp hydrolase) of E. coli. This gene complemented the RelA 
phenotype in E. coli thus confirming it to be a RelA homologue. Using M. smeg- 
matis as a surrogate host, the function of M. tuberculosis relA/spoT was charac- 
terized. The gene was cloned downstream of the inducible acetamidase promoter 
and expressed as an 89-kDa protein [63]. Induction of expression of relA/spoT 
was observed to be associated with elevated intracellular levels of ppGpp and re- 
duced rates of growth. From these observations, an important role for ppGpp in 
the latency of the mycobacterium has been suggested [63]. Studies on the strin- 
gent pathways can thus answer important questions pertaining to the physio- 
logical transformation that occurs in this pathogen. A relA^ mutant strain of 
M. smegmatis has also been constructed, which is currently being analyzed [64]. 



2.6 

Transcription in Mycobacteria 

The process of transcription represents an extremely important step in the reg- 
ulation of gene expression in bacteria. Gompared with other bacterial systems, 
mycobacteria have a low transcription rate, low content of RNA per unit of DNA 
and a lower rate of incorporation of ribonucleotides into RNA. Besides, the use 
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of E. coli and Streptomyces lividans to study the expression of mycobacterial 
genes suggested that the efficiency of these heterologous expression systems was 
variable and did not permit the expression of the majority of mycobacterial 
genes. These observations pointed out that the transcriptional machinery of 
mycobacteria may not be comparable with the typical prokaryotic transcrip- 
tional apparatus. 

To unravel the complexity of the transcriptional machinery of mycobacteria, 
the promoter probe vector pSD7 was used to isolate promoters from M. smeg- 
matis andM. tuberculosis, based on the expression of CAT reporter gene [19]. It 
was found that the frequency of occurrence of promoter clones in M. smegma- 
tis was 10-20% whereas in M. tuberculosis it was 1-2%. Moreover, it was also ob- 
served that the frequency of occurrence of strong promoters was higher in the 
case of M. smegmatis when compared to M. tuberculosis. About 350 promoter 
clones from M. smegmatis and 125 promoter clones from M. tuberculosis were 
isolated [19]. Subsequently, the nucleotide sequences of 35 mycobacterial pro- 
moter constructs, including 20 from M. smegmatis and 15 from M. tuberculosis 
were determined [65] . The promoter sequences were aligned on the basis of their 
transcription start point (TSP). Analysis of these promoter sequences from po- 
sitions -1 to -50 showed that the promoters from M. tuberculosis had a higher 
G+C content (57%) compared to the promoters from M. smegmatis (43%). A 
highly conserved Pribnow-box like sequence was identified around the -10 re- 
gion of all mycobacterial promoters analyzed in this study [65]. The conserved 
hexameric sequences TATAAT from M. smegmatis and TAYgAT from M. tuber- 
culosis were similar to their counterparts in E. coli. The first, second and the sixth 
base in the hexameric sequence (T, A, and T, respectively), which represented the 
functionally more important positions in E. coli promoters were more strongly 
conserved in both mycobacterial species. However, on the basis of the limited 
number of promoter sequences analyzed in this study, it appeared that in M. tu- 
berculosis the less important positions (the third and fourth) have become rela- 
tively more susceptible to GC intrusions in order to accommodate the higher 
G-l-C content of its promoters. More prominently however, the mycobacterial pro- 
moter sequences in the -35 region showed no homology with the TTGACA mo- 
tif present in promoters of E. coli and several other bacteria [65]. In fact no se- 
quence was found to be conserved in the -35 region of mycobacterial promoters. 
The comparison of sequences of the 2.4 and 4.2 regions from mycobacterial 
sigma factors. Sigma A and Sigma B with the corresponding regions of princi- 
pal sigma factors from Streptomyces aureofaciens (HrdB) and E. coli (RpoD) 
demonstrated that the amino acid sequences of the 2.4 regions of mycobacterial 
Sigma A and HrdB were almost identical to the corresponding sequences in 
RpoD. However, a higher degree of variability in the 4.2 regions of the sigma fac- 
tors was observed. Whereas the amino acid sequences of Sigma A and HrdB were 
nearly identical. Sigma A differed from RpoD at 14 out of 39 positions, of which 
9 represented non-conserved changes [65]. Based on these observations it was 
proposed that the total cellular transcription in mycobacteria may represent a di- 
vision of labor involving RNA polymerase with multiple sigma factors. This hy- 
pothesis was substantiated with the sequencing of M. tuberculosis genome, which 
revealed the presence of 13 sigma factors. Thus, the poor functioning of my- 



232 



A. K. Tyagi • N. Dhar 



cobacterial promoters in E. coli was ascribed to poor interaction of the 4.2 region 
of the E. coli sigma factor with the -35 region of the mycobacterial promoters 
[65]. A class of promoters, referred to as extended -10 promoters, has been de- 
scribed in other organisms that have a TGN motif immediately upstream of the 
-10 region. It has been observed that promoters having a TGN motif drastically 
lose their transcriptional activity if the TGN motif is mutated. Extended - 10 pro- 
moters have been identified and shown to function in mycobacteria in a manner 
similar to E. coli [66]. In fact some reports have shown that, in presence of a TGN 
motif, the requirement of a -35 like sequence is reduced. However, this remains 
to be evaluated in the case of mycobacteria. 

Currently, work is in progress to completely characterize the organization and 
functioning of mycobacterial promoters. Mycobacterial promoters constitutively 
active in mycobacteria have been cloned and are being characterized by elec- 
trophoretic mobility shift and footprinting assays using purified mycobacterial 
RNA polymerase [24]. 

In another study, by using chloramphenicol resistance as the marker, restric- 
tion fragments of mycobacteriophage 13 DNA capable of initiating transcription 
were identified [67]. CAT assays were carried out to determine the strength of 
these promoters. However, in contrast to the above-mentioned study, DNA se- 
quence analysis revealed that these promoters had significant homology with 
E. coli promoters with respect to the -35 region but were less homologous to 
E. coli promoters with respect to the -10 region. Based on the sequence of phage 
13 promoters and the reported sequences of mycobacterial promoters, a pro- 
moter consensus for mycobacteria was generated [67]. 

Recently, a spectrophotometric assay for quantitative analysis of promoters in 
mycobacteria, which is a modification of the XylE reporter assay, has been de- 
scribed. In this method, cells were grown by patching on agar plates and were 
used directly in the assay without lysis, making this assay system amenable for 
high-throughput analysis [68]. 

Isolation and analysis of mycobacterial promoters, which are under regulatory 
control, can be useful for the expression of cloned genes in mycobacteria. Stud- 
ies have been carried out to map the transcriptional start site of the acetamidase 
gene from M. smegmatis and the mechanism of its regulation has been analyzed. 
This promoter is currently being employed to express important mycobacterial 
genes [69]. 

The phenomenon of transcriptional termination in mycobacteria has been in- 
vestigated. Transcription terminators are classified into two groups based on the 
requirement of additional factors. Sequences capable of causing the release of a 
transcript in an in vitro system with purified RNA polymerase alone are referred 
to as intrinsic or simple or factor-independent terminators. Terminators that 
require the presence of additional factors are classified as complex or factor- 
dependent. Intrinsic terminators are characterized by the presence of a palin- 
dromic stretch followed by a trail of T (or U) residues in the coding strand. The 
palindromic region extrudes out as a hairpin in the nascent transcript. The stem- 
loop structure is believed to be responsible for pausing of the RNA polymerase 
and for weakening the interaction between the polymerase, nascent RNA and 
template DNA due to relatively weaker bonds between the trail of U and A 
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residues. A highly efficient algorithm was developed to identify hairpin potential 
sequences in bacterial genomes in order to build a general model for intrinsic 
transcription termination [70]. Analysis of the M. tuberculosis genome with this 
algorithm revealed that hairpin potential sequences were concentrated in the re- 
gions immediately downstream to stop codons. While the structures were con- 
centrated at 21 nucleotides downstream of the stop codons in E. coli, the struc- 
tures peaked at 37 nucleotides downstream of the stop codon in M. tuberculosis. 
Also, while E. coli showed a marginal preference for L-shaped structures, M. tu- 
berculosis almost exclusively used I-shaped structures. However, most of these 
structures either lacked the U trail entirely or had a mixed A/U trail [70]. The 
ability of these structures to bring about termination in mycobacteria was tested 
by employing a mycobacteria-specific terminator-selection vector, which was 
constructed by cloning M. smegmatis gyrase promoter upstream of a CAT re- 
porter gene [70]. Thus, any fragment encoding a terminator sequence if cloned 
between the promoter and reporter gene would reduce transcriptional read- 
through and effect a quantitative decrease in specific CAT activity. Representa- 
tive I-shaped terminators were also PCR-amplified from the M. tuberculosis 
genome and cloned into the termination vector. The terminators were observed 
to bring about transcription termination bidirectionally, demonstrating that the 
U trail was not essential for the functioning of the terminator in mycobacteria. 
The terminators were also observed to be functional only when cloned in the un- 
translated region. When cloned within the coding region, the structure had no 
detectable effect on transcription read-through in either orientation. Using pu- 
rified RNA polymerase from M. smegmatis the ability of the terminators to bring 
about termination was demonstrated in vitro [70]. 



2.7 

Expression of Genes in Mycobacteria 

With the development of expression systems for mycobacteria, it became possi- 
ble to express genes in mycobacteria. Initially, these expression systems were an- 
alyzed by expressing reporter genes such as lacZ and cat. It was observed that 
about ~400-fold variation in the level of expression could be obtained by using 
promoters of different strengths upstream of the reporter gene [20]. Moreover, 
it was observed that the basic determinants of transcription initiation in cases of 
slow-growing and fast-growing mycobacteria were similar. Hence, the fast- 
grower M. smegmatis can serve as a surrogate host for analysis of expression of 
genes. These expression systems have also been used to express several genes 
from both mycobacteria and other pathogens. Recombinant BCG can be used as 
a multivaccine vehicle for the delivery of antigens for immunization against a va- 
riety of pathogens. However, several studies have indicated that, for an optimal 
immune response, especially in case of cell-mediated immunity, maximum ex- 
pression of the antigen does not always lead to elicitation of optimal protective 
efficacy. Hence, the expression systems developed using promoters of various 
strengths can be helpful in determining the optimal level of expression of an anti- 
gen required for elicitation of optimal immunogenicity. The genes encoding 
Hepatitis B virus surface antigen and Hepatitis E virus ORF2 and ORF3 proteins 
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were cloned in the extrachromosomal replicative vector, pSD5 and in the inte- 
gration-proficient vector, pDK20, under the transcriptional control of a battery 
of promoters. Expression was analyzed both in the fast-growing M. smegmatis as 
well as in the slow-growing M. bovis BCG [24]. In view of the fact that secretory 
antigens are known to be more immunogenic, the genes for these antigens were 
cloned by placing them downstream of the secretory signals derived from Anti- 
gen 85B gene. These rBCG constructs have been evaluated both in the mouse 
model as well as in the monkey model [24]. 

In an attempt to develop recombinant BCG vaccines against TB, the genes for 
six antigens, namely the members of the Antigen 85 Complex (85A, 85B and 85C), 
19-kDa antigen, 38-kDa antigen and Esat-6 antigen were cloned downstream of 
a battery of mycobacterial promoters, in the extrachromosomal replicative 
vector pSD5 to obtain varied levels of expression. Analysis of expression in the 
cytosol as well as culture supernatant revealed that by using different promoters 
these antigens could be expressed at levels ranging from 2- 13-fold when com- 
pared to native levels of the corresponding antigen. Overexpression of these anti- 
gens was demonstrated both in the fast-growing M. smegmatis as well as in the 
slow-growing M. bovis BCG strains [24, 71]. 

3 

Physiology of Mycobacterium tuberculosis 



3.1 

Cell Division in Mycobacteria 

The division of a bacterium into two daughter cells is accomplished by the com- 
pletion of DNA replication and subsequent segregation of daughter nucleoids 
(karyokinesis), followed by formation of a septum (septation or cytokinesis) at 
the mid-site of the elongated cell. This process is regulated by a number of genes. 
Since proliferation of mycobacteria is a prerequisite for the establishment of an 
active infection, it has been proposed that the structural and functional charac- 
terization of the proteins involved in cell division would enable the design of new 
anti-tubercular drugs. Hence, the gene encoding EtsH protease from M. tuber- 
culosis H37RV was cloned and expressed in E. coli yielding a protein ~85-kDa in 
size, which localized in the membrane [72]. The mycobacterial EtsH carried the 
zinc -binding domain HEGGH as against HEAGH present in its counterpart from 
E. coli. Analysis of the EtsH protein sequence revealed the presence of two ATP- 
binding domains and a Second Region of Homology, which are characteristic fea- 
tures of the AAA family of proteases. The ATPase activity of the EtsH protein of 
M. tuberculosis has been characterized [72] and a unique domain specific to my- 
cobacterial EtsH protein was identified. The gene for the EtsZ protein homologue 
of M. tuberculosis H37RV has also been cloned and expressed in E. coli [73]. Amino 
acid sequence comparison with the E. coli homologue revealed the presence of 
several conserved domains and some specific differences. Expression of the 
M. tuberculosis EtsZ protein in certain E. coli strains was observed to cause fila- 
mentation of the host cell, possibly due to the interference with the septation 
process mediated by the endogenous E. coli EtsZ protein. M. tuberculosis ftsZ 
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gene also failed to complement E. coliftsZ temperature sensitive mutant [73]. 
FtsZ protein is considered to be the prokaryotic homologue of tubulins in mam- 
malian cells and has a GTP-binding motif, GGGTGTG, identical to that found in 
tubulins. It binds to GTP and hydrolyzes it during polymerization. It is known to 
function as the guiding structural scaffold for the formation of the septum at the 
mid-site of the bacterial cell undergoing division. The level of FtsZ protein is also 
known to determine the frequency of cell division in bacterial cells. In vitro stud- 
ies have demonstrated a functional link between the two proteins, FtsH and FtsZ, 
indicating a possible role for FtsH in the regulation of cytokinesis. Attempts are 
being made to crystallize these proteins for studies on their three-dimensional 
structure, with the aim of employing them as targets for the development of new 
drugs against TB [73]. 



3.2 

Proteins and Antigens of M. tuberculosis 

The failure of BGG as a perfect vaccine against TB has prompted research for the 
development of a subunit vaccine. This quest has resulted in the identification of 
an array of mycobacterial antigens. Since cell-mediated immune response is re- 
garded as the principal protective mechanism against mycobacterial diseases, the 
focus has been to identify mycobacterial antigens capable of generating strong 
T-cell mediated immune responses. Mycobacterial antigens have been charac- 
terized from cytosol, cell wall, plasma membrane as well as cell supernatants. 

The plasma membrane of mycobacteria is rich in protein content and houses 
several important enzymes, receptors and transporters. Several reports have sug- 
gested that membrane proteins, especially the “integral” proteins, could be highly 
immunogenic, and this immunogenicity has been attributed to their hydropho- 
bicity as well as lipid modification. Analysis of the sequence of the M. tubercu- 
losis genome predicted nearly 800 putative membrane proteins although avail- 
able reports on such proteins, particularly on integral membrane proteins of 
M. tuberculosis or other mycobacteria, are scanty and preliminary. Attempts have 
been made to characterize antigens of the mycobacterial plasma membrane with 
respect to human T-cell proliferative responses. Extraction of membrane vesicles 
prepared from M. tuberculosis, M. bovis BGG and M.fortuitum yielded detergent- 
soluble “integral” and water-soluble “peripheral” membrane proteins (IMP and 
PMP) [74-76]. In M. bovis BGG and M. tuberculosis (H 37 RV strain and a South 
Indian clinical isolate) the IMP pool was found to contain, three previously 
known antigens: the 19- and 38-kDa lipoproteins and 33/36 kDa “proline-rich” 
antigen, besides several unknown proteins. Similarly, the PMP pool showed the 
presence of 16 kDa a-crystallin heat-shock protein. The profile of IMP and PMP 
pools in M. fortuitum was, however, different, highlighting the differences be- 
tween “slow-” and “fast”-growing species of mycobacteria. Proteins from the IMP 
pool but not from the PMP pool were found to be heavily glycosylated in all the 
three species. The membrane protein profiles of M. tuberculosis HjyRv and the 
South Indian isolate of M. tuberculosis were generally comparable not with- 
standing some differences in the levels of expression and extent of glycosylation 
with respect to a few of the proteins [74-76]. 
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The evaluation of these proteins in in vitro assays for human T-cell stimula- 
tion showed that in the cases of all three mycobacterial species, IMP was signif- 
icantly more potent than PMP or cytosol in inducing proliferation of either pe- 
ripheral blood mononuclear cells or purified T-cells. CDS"^ T-cells were not 
induced significantly. IMP also induced a significantly higher secretion of 
IFN-y and IL-10, compared to PMP [77]. Further purification of individual pro- 
teins from the IMP pool and their evaluation in human T-cell proliferation assays 
has demonstrated a greater potency of certain low molecular weight (<30 kDa) 
IMPS. The observation that a single IMP fraction (<20 kDa) produced positive 
responses in almost all the study subjects in a manner similar to the whole IMP 
indicates that these antigens may be stimulating T-cells in a manner uninhin- 
dered by the restrictions imposed by the heterogeneity in the MHC. Hydropho- 
bicity and lipidation of the antigens, characteristics of IMP, may be responsible 
for this potent activation of T-cells [74, 75]. 

Currently, the comparative proteomic analysis of the integral membrane pro- 
teins of M. tuberculosis HjyRv and BCG is being carried out in order to identify 
differentially expressed proteins, which could form the basis for a new vaccine, 
diagnostic probe or drug targets [77]. By using 2-D gel electrophoresis and 
MALDI-TOF mass spectrometry, 18 proteins were identified. Four of these pro- 
teins (corresponding to genes Rv0822c, Rv0934, Rvl270c and Rvl368) were true 
“integral” membrane proteins identified as lipoproteins or proteins bearing pu- 
tative trans-membrane domains. The remaining proteins included two heat- 
shock proteins (Rv0251c and Rv2031c) and several enzymes involved in energy 
or lipid metabolism. Three of these proteins (Rv0243, Rvl872c and Rvl368) were 
CO- or post-translationally modified to appear in different “charge” forms with 
one of them (Rv0243, FadA2) also appearing in a different “mass” form [77]. 

Attempts have also been directed towards defining the major T-cell activating 
proteins of M. habana. A 25-kDa glycosylated protein, which was the most abun- 
dant constituent of cytosol and had a homodimeric configuration turned out to 
be a superoxide dismutase (SOD) bearing structural similarities with SODs of 
M. leprae and M. tuberculosis [78]. This required Fe/Mn as co-factor and revealed 
a structural relationship with human MnSOD but not with Cu or Zn SOD. In pu- 
rified form, the protein induced in vitro T-cell responses in primed mice as well 
as in human volunteers comprising healthy subjects and leprosy patients. 
Induction of in vivo T-cell response in guinea pigs was also observed [78]. M. lep- 
rae SOD has been employed previously for vaccination of mice against footpad 
challenge with M. leprae with considerable success. Thus, mycobacterial SOD 
represents a highly antigenic and immunoprotective candidate antigen, in spite 
of bearing a prominent structural homology with the corresponding host pro- 
teins [78]. 

Most work on secretory antigens has been carried out using standard labora- 
tory grown strains of M. tuberculosis (HjyRv, HjyRa and Erdman strains). It was 
felt that the search for a potential vaccine candidate should be extended to con- 
temporary clinical isolates of M. tuberculosis, which might be significantly dif- 
ferent from the standard strains. Thus, the relative efficacies of culture filtrate 
proteins (CFPs) from two laboratory strains and four contemporary clinical iso- 
lates of M. tuberculosis to induce T-cell activation were evaluated [79]. CFPs from 
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these six strains were evaluated for induction of T-cell proliferation, IFN-p se- 
cretion and IL-12 secretion from PBMCs from 33 healthy donors. IL-12 was ob- 
served to be spontaneously secreted by the PBMC preparations. However, CFP 
preparations from two isolates were observed to be more potent in inducing 
T-cell proliferation and induction of IFN-y secretion in human PBMCs [79]. Iden- 
tification of the secretory antigens from these isolates, which are responsible for 
enhanced immune reactivity, is currently being pursued. 

In previous studies, using malaria-infected erythrocytes and leishmania- 
infected macrophages as model systems, it has been shown that both polyclonal 
antiserum and monoclonal antibodies, generated by immunization with mem- 
branes of parasite-infected cells, reacted with the neo-antigenic determinants on 
infected cell surface both in vitro and in vivo [80, 81]. Such an immunization 
strategy was also observed to divert the immune response towards clinically rel- 
evant minor antigenic determinants in the absence of major parasite immuno- 
genic components [82]. These observations have been subsequently extended 
to Mycobacterium. For the first time, it was shown that the membranes of M. 
microti-infected macrophages differ antigenically from those of the normal 
macrophages [83]. Identification of these antigenic differences can help in elu- 
cidating the mechanisms responsible for intracellular survival of mycobacteria. 
Antisera were generated against the bacterial extract, heat-killed bacteria and a 
crude preparation of membranes from M. microti-infected macrophages. Unlike 
anti-bacterial extract or anti-heat killed bacterial antiserum, anti-infected 
macrophage antiserum was observed to react specifically with the infected 
macrophage surface and this reactivity increased with the increase in post-in- 
fection time. However, this reactivity was not observed with serum raised against 
uninfected macrophages, PMA- or lipopolysaccharide-activated macrophages or 
those harboring M. tuberculosis HjyRa or heat-killed M. microti or L. donovani 
[83]. A 63-kDa molecule specifically present on M. microti-infected macrophage 
membranes is being currently characterized [83]. To understand the mechanism 
responsible for the intracellular survival of the bacteria, components commonly 
present on M. microti and infected macrophages and those common to M. microti 
and M. tuberculosis H 37 Ra are also being evaluated by using a panel of mono- 
clonal antibodies [84]. 

In an attempt to identify new M. tuberculosis antigens to generate strong Thl 
responses, the log-phase culture filtrate as well as the membrane component of 
a human isolate of M. tuberculosis were analyzed for their ability to stimulate 
lymphocytes isolated from TB patients. Mycobacterial proteins stimulating 
strong Thl responses are being analyzed further for their vaccine potential [85]. 

The sequencing of the M. tuberculosis genome has led to the identification of 
two families of proteins - the PE and the PPE gene families. It was hypothesized 
that these proteins are the principal source of antigenic variation in M. tuber- 
culosis. By in silico analysis, PE and PPE OREs with regions of high antigenic in- 
dex were short-listed. Two of these PPE family genes have been expressed as re- 
combinant histidine-tagged proteins in E. coli [86]. Reactivity against these 
recombinant proteins was assayed by ELISA using serum isolated from fresh 
infection cases, patients with relapsed TB, extrapulmonary cases and multi-drug 
resistant cases. Preliminary results show that these recombinant proteins are 
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recognized efficiently by the serum samples, thus indicating their antigenic po- 
tential [86]. 

Comparison of the protein profiles of M. tuberculosis and M. bovis BCG, has 
led to the identification of a 25-kDa protein, which was observed to be present in 
BCG strains but absent from M. tuberculosis suggesting its usefulness in distin- 
guishing BCG strains from M. tuberculosis [87]. 

By using T-cell blot and immuno subtractive assays to identify antigens of 
M. tuberculosis associated with human immune responses in healthy contacts, 
a histone-like protein of M. tuberculosis (HLPmi, Rv2986c) was identified, 
which had homology with prokaryotic histone-like proteins (HU) and HI his- 
tones from several eukaryotic species [88]. The sequence of a 16-amino acid 
long peptide of this protein exhibited 100% homology with an ORF, predicted 
to code for a protein of 214 amino acids, in the M. tuberculosis genome sequence. 
The gene encoding the predicted protein was PGR-amplified, cloned, sequenced 
and expressed in E. coli as a protein of 28 kDa [88]. A human immune response 
to the recombinant HTP^t protein has been demonstrated by its ability to induce 
lymphoproliferation in PBMGs and the detection of anti-HLPMt antibodies in 
pooled patient sera. The recombinant HTP^t protein elicited a vigorous 
lymphoproliferative response, especially in healthy tuberculin reactors com- 
pared to non-reactors and TB patients. The protein had unique dual domains 
with homology to both bacterial histone-like proteins (HU) and eukaryotic 
histone HI, which suggested that the protein could bind DNA. The DNA-bind- 
ing properties of HTP^, were later confirmed by South-Western analysis [88]. 
Molecular dynamics simulations of interaction of the protein with 35 bp 
GC-rich U-bend DNA were also carried out [89]. The three dimensional struc- 
ture of the first 92 residues of this protein was obtained by making use of 
secondary structure prediction programs, sequence search and HOMOLOGY- 
based modeling. Simulation of the protein and its complex with U^^ DNA was 
carried out in vacuum by the molecular dynamics technique. These studies sug- 
gested the role of HLP^t in overwinding and packaging of DNA [89]. A strategy 
based on PGR amplification of the gene encoding HLPj^t h^s recently been 
employed to differentiate between closely related mycobacterial species such 
as members of the M. tuberculosis complex and M. paratuberculosis and M. 
avium [90]. 

Two genes, encoding hemoglobin-like proteins, have been detected in the 
genome of M. tuberculosis. Mycobacterial hemoglobins, HbN and HbO, belong to 
the superfamily of truncated hemoglobins that are small heme proteins of 
110-130 amino acid residues per chain carrying a substantial deletion within 
their N- or C-termini along with the replacement of the crucial heme binding F 
helix by an extended polypeptide loop. The gene encoding HbO of M. tubercu- 
losis has been cloned and expressed in E. coli and M. smegmatis in an attempt to 
study the characteristics and potential function of this protein [91]. This 14.5 kDa 
homodimeric heme protein, which exhibited nearly 50-fold lower oxygen affin- 
ity than HbN interacts with the respiratory membranes of E. coli and M. smeg- 
matis and participates in oxygen uptake and transfer during aerobic growth. 
HbO is produced in M. bovis BGG (0.2 to 0.5% of total cellular protein) through- 
out its aerobic growth and could play a vital role in the intracellular growth and 
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survival of M. tuberculosis in the oxygen-deficient environment of its host by se- 
questering and competing for oxygen [91]. 

In an attempt to identify antigens that may be useful for immunodiagnosis of 
TB, the circulating antigen was isolated from bacteriologically confirmed tuber- 
culous sera [92]. Its fractionation by SDS-PAGE and further analysis of various 
fractions resulted in the identification of a highly reactive antigen in a fraction. 
Further resolution of this fraction resulted in 4 antigenic fractions, of which the 
fraction CTA2-7D exhibited seroreactivity similar to a 31 kDa antigen (ESAS-7F) 
isolated from the in vitro culture medium. Biochemical characterization of CTA2- 
7D demonstrated it to be a lipoglycoprotein [92]. The 31 kDa antigen from M. tu- 
berculosis HjyRa has been purified and shown to contain a metalloserine protease 
activity [93]. 



3.3 

Membrane Permeability and Transport in M. tuberculosis 

The emergence of drug-resistant strains of M. tuberculosis is considered as one 
of the main factors for the resurgence of tuberculosis. The elucidation of drug re- 
sistance at the molecular level is required in order to develop new intervention 
strategies. 

Fluoro quinolines such as ciprofloxacin, ofloxacin and sparfloxacin are a group 
of drugs that have been found to be effective against mycobacteria. The primary 
intracellular target of fluoroquinolones has been shown to be the A subunit of 
DNA-gyrase (GyrA). Point mutations in this gene have been implicated in the re- 
sistance to this group of drugs in bacteria. However, utilizing M. smegmatis as a 
genetic model for M. tuberculosis, it was demonstrated for the first time that an 
active efflux of drugs was the predominant cause for high-resistance to fluoro- 
quinolones exhibited by a laboratory-generated ciprofloxacin-resistant mutant 
[94]. Growth experiments indicated the mutant strain to be at least 64-fold less 
sensitive to ciprofloxacin predominantly due to the accelerated rate of drug 
efflux in the mutant strain compared to the wild-type strain. Incubation with 
verapamil, a calcium channel blocker, enhanced the drug accumulation in the 
mutant and thus reversed the resistant phenotype [94]. Although uncharacteris- 
tic for fluoroquinolone resistance in prokaryotes, similar findings were observed 
in studies of multidrug resistance in eukaryotes where ABC transporters were in- 
volved. Hence, the involvement of ABC transporters in the mutant was investi- 
gated. Using consensus sequences of the ABC family of transporters, the ATP 
binding region of the ABC transporter from M. smegmatis was PCR amplified, 
and was found to encode amino acid sequences that exhibited significant ho- 
mology with different ABC transporters [95]. By analyzing its complete gene, this 
ABC protein has been identified as the B-subimit of the phosphate-specific trans- 
porter (PstB) [95]. In E. coli, PstB, a traffic ATPase, is a part of the binding pro- 
tein-dependent phosphate uptake system. The phosphate-specific transport (Pst) 
system is known to scavenge phosphate and is active only when the phosphate 
concentration is limiting. By Southern analysis of the RT-PCR product, the 
mRNA of this transporter was demonstrated to be overexpressed in the 
ciprofloxacin-resistant mutant [95]. Southern hybridization also revealed chro- 
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mosomal amplification of the pstB gene in the mutant [96]. These results provide 
a new insight into the mechanism of drug resistance in mycobacteria as the ex- 
isting reports do not indicate the association of any ABC transporter in the 
process of efflux-based fluoroquinolone resistance in any prokaryote. The mutant 
was observed to exhibit enhanced phosphate uptake and, on inactivation of pstB 
in the parental strain of M. smegmatis, loss of high affinity phosphate uptake and 
hypersensitivity to fluoroquinolones and structurally unrelated drugs was 
observed [96]. To further investigate the role of this transporter in the process of 
efflux-mediated drug resistance, the pst operon in the mutant strain was inacti- 
vated [97]. Genotypic analysis revealed partial disruption of the pst operon due 
to transporter gene amplification in the mutant. However, phenotyopic charac- 
terization of the resulting strain (mutant strain with inactivated pstB) demon- 
strated a striking reduction in the minimal inhibitory concentration (MIC) of 
ciprofloxacin as well as in the drug extrusion profile [97]. These findings fhus in- 
dicate, for the first time, the role of active efflux in drug-resistance in mycobac- 
teria. It also establishes the involvement of an ABC transporter in the process and 
thus points towards the novel role of the mycobacterial Pst system besides its in- 
volvement in phosphate transport. 

The pstB from M. tuberculosis has been overexpressed in E. coli and the puri- 
fied protein was shown to exhibit ATP-binding and ATPase activity [98]. Inter- 
estingly, unlike other prokaryotic ABC proteins, the ATP hydrolyzing ability of 
PstB from M. tuberculosis strain H 37 RV was observed to be magnesium-inde- 
pendent and resistant to known ATPase inhibitors. Mutation of the conserved as- 
partic residue to lysine in the Walker motif B abrogated the ATPase activity of 
PstB, confirming the recombinant protein to be an ATPase. Furthermore, these 
results convincingly established that the mycobacterial PstB is a thermostable 
ATPase and thus highlighted for the first time the presence of such an enzyme in 
any mesophillic bacteria [98]. 

The natural or intrinsic drug resistance of mycobacterial species has also 
been attributed to the organization and chemical nature of lipids in the outer 
layer of the cell wall. Understanding the steps and the enzymes involved in cell 
wall biosynthesis could thus lead to the identification of targets for new anti-tu- 
bercular drugs. A multipronged approach was initiated for understanding cell 
wall biosynthesis and antibiotic resistance in mycobacteria. The lack of efficacy 
of classical ^-lactam antibiotics against mycobacteria has been associated with 
a combination of factors such as (i) capability of these drugs to permeate into 
mycobacteria, (ii) /f-lactamase production, and (hi) affinity of the penicillin- 
binding proteins (PBPs) for the drugs, rather than the inertness of the drugs to- 
wards the peptidoglycan cross-linking machinery. A laboratory mutant of 
M. smegmatis, which was 7-78-fold more resistant than the parent strain to the 
/f-lactams tested, was studied [99]. Characterization of this mutant revealed that 
the acquired /I- lactam resistance in this strain was due to an interplay between 
the lowered affinity of at least one high-molecular-mass PBP for cephalosporins, 
as well as reduced permeability of fhe cell wall, rather than enhanced /f-lacta- 
mase production. The efflux of antibiotics mediated by proton motive force and 
ATP-dependent efflux pumps also contribute to antibiotic resistance. Although 
several targets of INH have been identified, the mechanism of INH resistance re- 
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mains incompletely understood. Using various inhibitors and a proton motive 
force (pmf ) uncoupler, it was shown that both pmf- and ATP-dependent extru- 
sion systems were involved in INH efflux in M. smegmatis, contributing to the 
high intrinsic resistance of M. smegmatis to INH. The possible existence of such 
pumps in pathogenic mycobacteria and their contribution to INH resistance are 
presently being evaluated [100]. The daunorubicin (Drr) efflux pump of M. tu- 
berculosis has been expressed in E. coli and M. smegmatis. It was found to im- 
part resistance to structurally unrelated drugs such as chloramphenicol, tetra- 
cycline and streptomycin. The Drr transporter and several other transporters 
of M. tuberculosis are currently being overexpressed and characterized in de- 
tail [101]. 

A set of membrane-bound proteins, known as PBPs, is involved in the final as- 
sembly of the bacterial cell wall peptidoglycan. The nine motifs characteristic of 
the Class A PBPs, which catalyze transglycosylation and transpeptidation reac- 
tions, are present in the PBPs designated as 1 and 1 * in M. tuberculosis and M. lep- 
rae. These PBPs have low amino acid sequence similarity to their E. coli coun- 
terparts. Three of these PBPs have been characterized in detail [102-105]. The 
sequence of the M. tuberculosis genome has revealed the presence of two open 
reading frames, Rv3682 and RvOOSO, encoding two putative Class A high-mole- 
cular mass PBPs. The PBPl* and its soluble derivative, encoded by the ORF, 
RvOOSO, have been overexpressed and characterized. The C-terminal module of 
PBPl* of M. tuberculosis was observed to function independently of the N-ter- 
minal module as a penicillin-binding entity [105]. The M. tuberculosis genome 
has the largest repertoire of putative PBPs among all microbial genomes se- 
quenced. A detailed analysis of these PBPs and their interactions with cell divi- 
sion machinery and with the components required for cell wall synthesis is cur- 
rently in progress [101]. 

The outer membrane of Gram-negative bacteria serves as an efficient perme- 
ability barrier to the inward flow of antibiotics. Gram-positive bacteria, includ- 
ing mycobacteria, do not contain an outer membrane. In the case of mycobacte- 
ria, the mycolates form a highly hydrophobic lipid layer, which acts as a 
permeability barrier similar to the outer membrane of Gram-negative bacteria. 
Permeability coefficients of small molecules in mycobacteria are observed to be 
lower than in E. coli. Despite this, small hydrophilic molecules are known to pen- 
etrate through the water- filled channels of pore-forming proteins. A 40 kDa pore- 
forming protein from the cell wall of M. smegmatis has been purified. Although 
the N-terminal sequence did not show any similarity to the porins sequenced ear- 
lier, by employing liposome swelling assays, the permeation of small hydrophilic 
molecules such as sugars and amino acids has been demonstrated [106]. 

Twenty putative drug efflux pumps have been predicted in the publish- 
ed genome sequence of M. tuberculosis HjyRv. Four pumps were selected and 
their expression levels were analyzed in different clinical isolates in the presence 
of drugs [86]. In one of the isolates, a direct correlation was observed between 
RNA transcript levels of one of the putative efflux pumps and different concen- 
trations of drugs in the growth medium. However, the actual role of the efflux 
pump in imparting drug resistance in the clinical scenario has yet to be investi- 
gated [86]. 
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4 

Immunology of Tuberculosis 

Intracellular pathogens such as M. tuberculosis exhibit an intense relationship 
with the immunological system of the host. These interactions are marked by a 
range of complexities. On one hand, the immunological response of the host can 
lead to the clearing of infection, on the other hand, tissue damage and necrosis 
prominent in TB results from these immunological perturbations. Hence, un- 
derstanding the immunological responses in the context of host-pathogen 
interaction and their consequences in terms of onset of the disease and its 
progression are extremely vital for designing successful strategies for control of 
this disease. 

Interferon-y is known to play a key role in host defense against pulmonary my- 
cobacterial infections. A variety of lymphocyte subsets might contribute towards 
this pulmonary IFN-y response. To understand the relative contribution of the 
various subsets, a murine model of lung infection was standardized using M. bo- 
vis BCG and the kinetics of changes in lymphocytes sub-populations after 
murine pulmonary BCG infection was analyzed [107]. The BCG load in lungs 
peaked between 4-6 weeks post-infection. There was a marked increase (6-fold) 
in number of T-cells secreting IFN-y, 5-6 weeks post-infection. Analysis of the 
cell populations responsible for IFN-y responses revealed that a basal level of 
IFN-y release continues to occur in lungs of uninfected mice, with T,NK as well 
as NKT cells in the lung interstitium being responsible for these responses. The 
NK cells are responsible for basal IFN-y secretion in normal lungs, the peak of 
IFN-yresponse post-infection is essentially due to T-cells [107]. 

Mitogens/antigens have the innate ability to trigger both proliferation and 
apoptosis simultaneously in what is known as the dual-signal hypothesis, de- 
pendent upon the dosage and duration of the trigger and various in vivo condi- 
tions. The dual signal hypothesis was tested in the murine model using PPD as 
the antigen [ 108]. The mice immunized with E. coli lipopolysaccharide served as 
the positive control. It was observed that PPD induced apoptosis only in the thy- 
mus whereas LPS induced apoptosis in both thymus and bone marrow. Plasma 
from PPD-treated animals also had higher levels of M. tuberculosis-speciiic 
antibodies. PPD, apart from triggering apoptosis in the thymus, also elicited a 
potent humoral immune response against the M. tuberculosis antigens. Thus, an 
in vivo defect in T-cell proliferation associated with an enhanced level of T-cell 
apoptosis was noted, which has been proposed as one of the components of the 
ineffective immune response against M. tuberculosis-induced immunopathology 
in susceptible hosts. It was hypothesized that high concentrations of M. tuber- 
culosis antigens may incapacitate CMI in young susceptible mice by inducing 
thymic atrophy [108]. 

Monoclonal antibodies have been raised against secretory antigens of M. tu- 
berculosis H37RV by immunizing BALB/ c mice with M. tuberculosis culture filtrate 
[109]. Intrasplenic and intraperitoneal routes of immunization were compared 
and the latter was found superior. Ten monoclonal antibodies (MAbs) were pro- 
duced, which were characterized for their isotype, binding specificity, nature of 
binding epitope, reactivity in immunoassays etc. Two MAbs exhibited species 
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specificity, one of which was found to be restricted in its reactivity to the M. tu- 
berculosis complex and M. leprae, suggesting its potential in the immunodiag- 
nosis of TB [109]. 

The fate of M. tuberculosis inside macrophages was monitored by infecting rat 
peritoneal macrophages with M. tuberculosis. Since the microbicidal nature of 
macrophages has been correlated with NO production, attempts were made to 
measure alterations in the levels of NO in terms of nitrite formed. Alterations in 
the levels of hydrogen peroxide, lysosomal enzymes such as acid phosphatase, 
cathepsin-D and /^-glucuronidase in macrophages following infection with M. tu- 
berculosis were also studied [110]. Elevation in the levels of nitrite was observed 
72 h after M. tuberculosis infection. However, elevated levels of H 2 O 2 were pro- 
duced by M. tuberculosis-iniected macrophages irrespective of the time point. A 
maximum increase in the level of acid phosphatase was observed at the 72 h time 
point whereas the maximum increase in the level of /^-glucuronidase was ob- 
served 48 h after M. tuberculosis infection. Surprisingly, these microbicidal agents 
did not alter the intracellular viability of M. tuberculosis, even though total elim- 
ination of intracellular S. aureus by macrophages was seen [110]. The fate of 
M. tuberculosis was also analyzed in human peripheral blood monocytes [111]. 
In unstimulated PBMCs, the intracellular M. tuberculosis multiplied freely. Even 
after in vitro activation of monocytes with a cocktail of lipopolysaccharide, phor- 
bol myristate acetate, lEN-y and TNE-a, there was no killing of bacilli in the in- 
tracellular environment. The ability of ATP in reducing the intracellular viabil- 
ity of mycobacteria has also been investigated [111]. Infected monocytes upon 
ATP treatment underwent cell death, however, there was no loss in the intracel- 
lular viability of M. tuberculosis or M. smegmatis. It was hypothesized that the 
human monocytes inhibit the growth and multiplication of M. tuberculosis in 
vitro for up to 72 h, after which M. tuberculosis multiplies inside the intracellu- 
lar environment of the monocytes. Activation with the various reagents stimu- 
lates the intracellular respiratory burst in macrophages but fails to inhibit the 
growth of intracellular mycobacteria [111]. 

TB lesions heal by fibrosis. However, an excess of fibrosis can lead to disabil- 
ity of the affected organ. This phenomenon on infection with M. tuberculosis has 
been characterized biochemically and pathologically in the guinea pig [ 1 12]. Es- 
tablishment of the infection with M. tuberculosis in the guinea pig was assessed 
by determining the presence of viable organisms in the spleen and the presence 
of tuberculous granuloma in the lung, liver and spleen. The infection appeared 
to be self-limiting by the fourth week and fewer animals were observed to have 
viable organisms during the later periods of infection. The levels of collagen, 
elastin and hexosamines exhibited an initial decrease followed by an increase. 
The elastin and hexosamine levels returned to the basal levels in all three organs. 
However, the collagen levels were observed to rise in the lungs and were found 
to be comparable to those observed in the case of animals immunized with 
bleomycin as positive control. Thus, this model can be adopted for studying the 
mechanisms of fibrogenesis in tuberculous infection [112]. 

Attempts have also been made to define the relationship of intact tubercle 
bacilli and/or their antigenic fragments to a granuloma in the guinea pig in or- 
der to distinguish an active from a resolving granuloma. Granuloma was induced 
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in the skin in one set of animals by injecting heat-killed M. tuberculosis intra- 
dermally, whereas in another set it was induced in the lungs and spleen by in- 
jecting live M. tuberculosis intramuscularly [113]. Histological examination for 
the presence of granuloma, bacilli and antigenic fragments revealed that, in the 
dermal lesion, the bacilli were cleared by day 42, followed by clearance of anti- 
genic fragments by day 63 and finally, by day 84, the final resolution of the gran- 
uloma itself. However, in the case of the guinea pigs infected with live M. tuber- 
culosis, while removal of bacilli followed by clearance of antigen was observed, 
the granuloma itself was not observed to subside completely even though a 
reduction in congestion and edema of the granulomatous area was observed. The 
results from these studies will be helpful in differentiating between a persisting 
and a resolving tuberculous granuloma [113]. 

To study the effect of environmental mycobacteria on the modulation of im- 
mune responses, M. avium complex (MAC) and M.fortuitum complex isolates 
(originating from different sources from the BCG trial area) were evaluated in the 
guinea pig model of TB infection [114]. Guinea pigs were sensitized with the var- 
ious strains and the effects of prior exposure on BGG vaccination and on pro- 
tection against M. tuberculosis were investigated. At 2 weeks after challenge, prior 
exposure to MAG or M.fortuitum complex was observed to have no modulatory 
effect on the protective immunity due to BCG. However, at 6 weeks after chal- 
lenge, while the guinea pigs immunized with BGG were protected, modulation of 
the protective response resulting from BCG was observed in the guinea pigs sen- 
sitized with MAC or M.fortuitum [114]. 



4.1 

Immune Studies in Humans 

T-cell proliferation and IFN-y production upon stimulation with M. tuberculosis 
has also been assessed in pulmonary TB patients and healthy contacts [115]. The 
studies were based on the lymphocyte transformation test and detection of intra- 
cellular IFN-y production by CD4"^ T-cells. Patients exhibited lower levels of pro- 
liferation compared to the healthy contacts. Healthy contacts in general had ele- 
vated numbers of CD4"^ T-cells expressing IFN-ycompared to PBMC derived from 
patients. This feature was observed both in stimulated as well as in cultures devoid 
of antigen. The results of this study further demonstrated that PBMCs from healthy 
individuals exhibited enhanced frequency of CD4"^ T-cells expressing IFN-yin re- 
sponse to M. tuberculosis antigen compared to control cultures [115]. 

Humoral and lymphocyte responses to M. tuberculosis culture filtrate antigens 
have also been analyzed in active pulmonary TB, inactive (cured/quiscent) TB 
and healthy control subjects [116]. High antibody titers were found in active TB 
patients compared to inactive TB patients or control subjects. On the contrary, 
low or suppressed lymphocyte responses to PHA, Gon-A and M. tuberculosis cul- 
ture filtrate antigens were observed in active TB patients compared to inactive TB 
patients and control subjects. This study suggested that when the disease is cured, 
the antibody response declines and the lymphocyte response to antigens and mi- 
togens increases to the same level as found in controls, indicating the restoration 
of the normal immune status in cured patients [116]. 
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Purified CFP 6 protein, a low molecular weight protein antigen, purified from 
the culture filtrate of M. tuberculosis, has been studied for its ability to induce 
proliferative responses of PBMCs isolated from different categories of human 
subjects [117]. CFP 6 was found to elicit highly proliferative responses in healthy 
contacts and patients recovering from disease and induced the release of signif- 
icant amounts of IFN-yin cell culture supernatants of healthy contacts compared 
to other groups. Moreover, the ability of CFP 6 to induce DTH in guinea pigs 
immunized with BCG or M. tuberculosis HjyRv pointed out the immunological 
importance of this protein [117]. 

Previous studies on the distribution of T-cell populations in TB patients have 
been carried out among adults. However, the distribution of T-cell populations 
during the initial response to infection cannot be assessed as the adults might 
have been infected in the distant past. In addition, several co-existing illnesses 
might affect the T-cell subpopulations in adults. To circumvent this problem, the 
T-lymphocyte subpopulations were investigated in children [118, 119]. Lym- 
phocyte subpopulations were determined by flow cytometry in healthy tuber- 
culin-positive children, in children newly diagnosed with pulmonary TB and in 
children after anti-tubercular therapy. It was found fhat the absolute numbers 
and percentages of CD3"^ and CD4'^ T-cells were reduced in children with TB, 
when compared to the controls. Following anti-tubercular therapy, the €04"^ 
counts increased significantly compared to baseline values. The proportion of T- 
cells expressing the yd T-cell receptor was similar in TB patients as well as in the 
controls [118, 119]. 

In an attempt to understand the role of cytokines in susceptible and resistant 
subjects exposed to M. tuberculosis infection, intracellular IFN-y and IL-4 in ex 
vivo peripheral blood-derived 004"^ T-cells have been examined in TB patients 
and healthy subjects [120]. The patients had higher number of CD4"^ T-cells ex- 
pressing IFN-y and IL-4 in unstimulated cultures compared to healthy subjects, 
although the ratio of these two subsets was similar in both groups. This elevated 
response in patients, i.e., larger numbers of 004"^ T-cells producing IFN-y is in- 
dicative of an ongoing Thl response. However, after in vitro stimulation of PBMC 
with heat-killed M. tuberculosis there was a significant reduction in the percent- 
age of IFN-y^ 004"^ T-cells in patients, which was also reflected in the IFN-y 
ELISA assay using supernatants derived from stimulated cultures. In the case of 
a majority of patients, this reduction of IFN-y^ CD4'^ T-cells was seen to result in 
the dominance of IL-4'^ CD4'^ T-cells, which may contribute to the downregula- 
tion of IFN-y expression and the crucial effector function of CD4 T-cells, leading 
to persistence of the disease and immunopathology characteristically seen in pa- 
tients. The majority of high-risk healthy individuals examined differed in that, 
after mycobacterial-antigen stimulation, an enhancement in IFN-y^ CD4+ T-cells 
was observed [120]. 

For a complete delineation of the protective response induced by BCG vacci- 
nation in South India, changes in cytokine secretion patterns were studied in ad- 
dition to investigating skin test conversions and lymphocyte proliferation, which 
are usually considered as simple end-point tests [121]. Changes in cytokine se- 
cretion patterns before and after BCG vaccination in Mantoux-negative subjects 
were investigated and compared with the patterns in subjects who were Man- 
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toux-positive in spite of never having received BCG or having any evidence of 
suffering from TB. The pre- and post- vaccination tuberculin skin tests carried out 
in this study indicated that all except one PPD-negative individual became pos- 
itive following administration of BCG [121]. This suggested that, despite being 
largely ineffective in this population, BGG does induce some alterations in the 
T-cell repertoire. However, the in vitro proliferative responses to PHA, PPD and 
M. tuberculosis remained largely unaltered by vaccination, probably reflecting the 
fact that the response observed at the localized site of the PPD reaction reflects 
the recruitment of specific cells into a site of high antigen concentration. This is 
not mimicked in in vitro proliferation responses. In response to mycobacterial 
antigens, PPD-negative individuals exhibited very low production of IFN-y at the 
protein level and only in some individuals was mRNA detected by using the very 
sensitive RT-PGR. BGG vaccination of these individuals did not alter the IFN-y 
production, indicating that mycobacterial antigens might not have stimulated the 
appropriate subsets of T-cells [121]. The levels of IL- 1 0 and IL-4 also did not sig- 
nificantly alter on vaccination with BGG. Gompared to this group, the PPD-pos- 
itive group produced significantly higher amounts of IFN-y. This suggests in- 
duction of a Thl-type response to mycobacteria in unvaccinated PPD-positive 
individuals in the area, probably due to their exposure to M. tuberculosis or en- 
vironmental mycobacteria. The results from this study indicated that BGG has 
little effect in driving the immune response towards a protective Thl-type re- 
sponse [121]. 

The effect of picroliv, a standardized fraction of root and rhizome of Picrorhiza 
kurroa, on proliferative T-cell response to the mycobacterial “Purified Protein De- 
rivative (PPD)” antigen in subjects infected with or exposed to mycobacteria (tu- 
berculoid leprosy patients and endemic normals), has also been analyzed [122]. 
Culturing of PBMCs isolated from low responders, with an optimal concentration 
of picroliv (0.5 pg/mL) significantly enhanced the proliferative response to PPD. 
However, the response of PBMCs isolated from high-responders, to PPD or PHA 
(a non-specific mitogen) in the presence of picroliv remained unaffected. Picro- 
liv was also not observed to induce cell proliferation on its own. Thus, it has been 
proposed that picroliv could be useful as an adjunct to chemotherapy or as a 
short-term prophylactic agent [122]. 

Most of the studies conducted for identification and characterization of M. tu- 
berculosis antigens have used monoclonal or polyclonal antibodies as reagents. 
During the course of an active infection, M. tuberculosis is known to modulate the 
immune response of the host. However, the exact mechanism of these modula- 
tions is still not clear. Expression of a battery of genes might be responsible for 
enabling M. tuberculosis to survive in the host. Thus, analysis of the host immune 
response towards these antigens will not only serve to enhance our knowledge 
about the antigens relevant for protection and for the altering host immune re- 
sponse, but will also help in the development of useful reagents. Towards this 
goal, genomic DNA from a human sputum isolate of M. tuberculosis, which 
showed extensive dissemination in the guinea pig model, was used to construct 
an expression library in the lambda ZAP vector [123]. The library was subse- 
quently probed with pooled sera from chronically infected TB patients. The re- 
combinants obtained were also probed with serum from patients who were din- 
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ically diagnosed to be in the early phase of infection. Interestingly, some recom- 
binants that had given a strong signal in the original screen failed to react with 
the serum from these patients. On the other hand, some recombinants that had 
given very weak signals in the original screen reacted strongly with this serum, 
indicating a differential nature of either the expression of these antigens or the 
immune response elicited against these antigens with the progression of the dis- 
ease [123]. Antisera raised in mice against killed antigen preparations of M. tu- 
berculosis failed to recognize most of the recombinant antigens that had exhib- 
ited reactivity against TB patient sera. Similar results were obtained with serum 
from guinea pigs immunized with live and killed mycobacteria, suggesting that 
antigens derived from live or killed mycobacteria are presented to the host im- 
mune system in a differential manner [124]. Characterization of some of the TB 
patient sera-reactive antigens has led to the identification of one of them as FtsH 
and the other one as the aminoimidazole ribotide synthase of M. tuberculosis. Be- 
sides, one of these proteins, which was secretory in nature, was recognized by sera 
from the majority of TB patients but not by sera from BCG-vaccinated individ- 
uals, a property that could be useful in the development of immunodiagnostics 
of TB [ 125]. Using a novel technique to purify bacterial mRNA by polyadenylat- 
ing mRNA on polysomes [17] and by employing differential display reverse tran- 
scription-polymerase chain reaction (DDRT-PCR), attempts have been made for 
isolating genes from M. tuberculosis expressed differentially within infected 
guinea pigs tissues [126]. 

Studies were conducted to analyze whether the presence of cold reactive 
lympho cytotoxic antibodies (LCA) in the system has any effect on immunity 
to TB [127]. The plasma samples of inactive-TB patients (cured patients) 
exhibited a higher percentage of positivity (36.7%) for lympho cytotoxic anti- 
bodies than the samples from active-TB patients (21.4%) and control subjects 
(18.8%). No significant difference was observed between LCA-positive and LCA- 
negative active-TB patients and normal healthy controls in antibody and lym- 
phocyte response against M. tuberculosis culture filtrate antigens. Determina- 
tion of the HLA-DR phenotype revealed that the percentage of individuals 
positive for LCA was higher among HLA-DR2-positive and DR7-positive active- 
TB patients and control subjects than among the non-DR2 and non-DR7 sub- 
jects, indicating that HLA-DR2 and DR7 may be associated with the occurrence 
of LCA activity. The presence of LCA had no immunoregulatory role on immu- 
nity to TB [127]. 

Several new assays have been described for in vitro measurement of cell-me- 
diated immunity (CMI) such as determination of lymphocyte subsets, measure- 
ment of cytokines and soluble cytokine receptors etc., which have replaced the 
conventional lymphocyte blast transformation assay to some extent. However, 
these tests have one limitation or another. Moreover, the in vitro tests do not nec- 
essarily reflect the in vivo situation. Another approach to study CMI has been 
suggested, which involves the assay of a soluble marker such as neopterin, which 
is biologically stable and detectable in body fluids. A raised serum level of 
neopterin is generally associated with activation of CMI. Macrophages, particu- 
larly when stimulated with IFN-y, are a major source of neopterin. The potential 
of neopterin in evaluating CMI in patients with pulmonary TB has been invest!- 
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gated [ 128]. Neopterin levels in serum and the culture supernatants of PBMCs af- 
ter stimulation with PPD were measured in patients with pulmonary TB and in 
healthy individuals. Lymphocyte proliferative response assays to PPD were also 
carried out in these two groups. The mean concentration of serum neopterin was 
observed to be significantly higher in patients than in controls. The spontaneous 
release of neopterin in culture supernatants of PBMCs from patients was signif- 
icantly higher when compared with those of healthy controls. However, on stim- 
ulation of PBMCs with PPD, the release of neopterin was similar in both the 
groups. Moreover, the release of neopterin and the proliferation of lymphocytes 
were not comparable, indicating that these two parameters did not run in paral- 
lel for measuring the state of CMI. Interestingly, the serum concentration of 
neopterin showed an apparent inverse relationship with lymphocyte prolifera- 
tion [128]. Determination of serum neopterin levels was also carried out during 
chemotherapy in order to study whether elevated levels before treatment reflect 
the extent of tuberculous lesions and whether changes in their concentration dur- 
ing treatment correspond to a response to therapy [129]. Neopterin levels were 
also measured at the time of relapse and were compared with the levels observed 
in patients who did not relapse to ascertain whether these levels reflected the 
change in disease status. All patients were observed to have elevated levels of 
serum neopterin, which declined at 1 month and were near normal at the end of 
treatment. The levels continued to fall after completion of therapy in patients 
who did not relapse whereas an increase after completion of therapy was asso- 
ciated with relapse. Thus, the measurement of serum neopterin levels could be 
useful in evaluating the response to therapy [129]. 

5 

Mechanisms of Pathogenesis of M. tuberculosis 

All intracellular pathogens have an ability to grow inside the host cell. Patho- 
genic mycobacteria not only survive in the host cell but they are endowed with 
a unique ability to remain in the system for a very long time. However, our 
knowledge concerning the mechanisms that this pathogen employs for entry 
into the host cell, for its survival and multiplication, for its spread to neighbor- 
ing cells, for circumventing the host defense mechanisms and for insulting the 
host to cause disease still remains rather poor. The pathogen has evolved sev- 
eral mechanisms to circumvent the hostile environment of macrophages, which 
include i) inhibition of phagosome-lysosome fusion, ii) inhibition of phagosome 
acidification, iii) recruitment and retention of tryptophan/aspartate-containing 
coat protein on phagosomes to prevent their delivery to lysosomes and iv) ex- 
pression of members of the host-induced PE-PGRS family of proteins. For the 
identification of genes involved in virulence and pathogenesis two strategies 
have been primarily used - employment of recombinant DNA technology (for 
example, by generating transposon insertional mutants) and the use of suitable 
animal models. 

The RNA subtractive hybridization strategy was employed to identify and 
clone genes that are differentially transcribed in the virulent strain of M. tuber- 
culosis [130]. This approach was based on the premise that genes conferring vir- 
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ulence would be differentially expressed in M. tuberculosis H 37 RV and RNA iso- 
lated from M. tuberculosis H 37 RV would be enriched in transcripts specified by 
the differentially expressed genes. Differentially expressed genes in the virulent 
strain of M. tuberculosis {dev genes) were identified by screening a plasmid gene 
bank of M. tuberculosis H 37 RV with a cDNA probe that was enriched in dev tran- 
scripts by subtraction of RNAs common to M. tuberculosis H 37 Ra [15, 130]. The 
genes identified using this assay included those likely involved in cell division, 
ftsX and ftsE [131], smpB, which is possibly involved in macrophage survival 
[131], a putative cysteine-rich protein (mcp) bearing homology with eukaryotic 
proteins implicated in cell-cell and cell-matrix interactions and lOSa, encoding 
a small stable RNA implicated in trans-translation [132] and a putative two-com- 
ponent regulatory system, devR-devS (Rv3133c-Rv3132c) [ 133]. This genetic sys- 
tem has been subjected to a detailed analysis. The devR and devS genes are co- 
transcribed with the upstream gene, Rv3 134c, of unknown function. A devR.v/can 
mutant of M. tuberculosis H 37 RV was constructed by allelic exchange and char- 
acterized to delineate the function of DevR [134]. The devR mutant was impaired 
in growth in microaerophilic cultures but not under aerobic conditions. Both 
parental and mutant strains replicated at equivalent rates within human mono- 
cytes alone or supplemented with peripheral blood lymphocytes, suggesting the 
lack of a significant role for DevR in entry, survival and growth of tubercle bacilli 
within monocytes in vitro. However, the mutant strain was attenuated in viru- 
lence in guinea pigs as judged by the magnitude of gross lesions, pathological 
changes in the liver and lung and bacterial recovery from spleen. Experiments 
with the complemented strain are in progress to confirm these findings [135]. 

The expression of devR, devS and Rv3I34c genes was up-regulated in wild-type 
cultures adapted to hypoxia. DevR-DevS has now been confirmed to be an au- 
thentic signal transduction system by demonstration of the phosphorylation 
activities characteristic of histidine kinase and response regulator proteins us- 
ing purified proteins of M. tuberculosis [136]. DevR is a putative DNA-binding 
protein and recent studies have suggested devR-devS to be autoregulated [134]. 
Experiments are in progress to identify other target genes under the control of 
the DevR-DevS two-component system. It has been proposed that DevR-DevS 
mediates bacterial adaptation to hypoxia through a phosphorylation cascade and 
could serve as a regulatory link between oxygen limitation and the initiation and 
maintenance of the adaptive response to hypoxia. Since the environment within 
the granuloma is considered to be hypoxic, the identification of target genes un- 
der DevR control is likely to provide a better understanding of its role in bacte- 
rial adaptation to hypoxia and bacterial persistence in vivo. The DevR-DevS two 
component system was expressed in granulomas as determined by immuno- 
staining of human and guinea pig tissue sections with antibodies raised against 
purified DevR and DevS proteins [ 135]. The identification, therefore, of candidate 
molecules that intercept DevR-DevS activity may provide an effective means of 
combating tubercle bacilli persisting within the recesses of granulomas in dis- 
eased individuals. 

Accessibility to the unfinished DNA sequence of M. smegmatis has enabled its 
comparison in silico with the annotated genome of M. tuberculosis [ 137]. Due to 
conservation of the transcriptional machinery between M. tuberculosis and 
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M. smegmatis and genes for sigma factors including SigF, SigB and SigE and the 
DevR-DevS system, it is believed that M. smegmatis could serve as a useful sys- 
tem to study the mechanism of the adaptive response to hypoxia. Recent studies 
have indicated that the DevR-DevS system of M. smegmatis was upregulated in 
hypoxia at transcriptional as well as translational levels. A hypoxia-responsive 
pattern of expression of M. tuberculosis devR promoter has been observed in 
M. smegmatis, pointing towards the modulation of M. tuberculosis promoter by 
DevR protein of M. smegmatis [138]. 

Pathogenicity of a microorganism normally depends upon its ability to enter, 
survive and multiply within the host cell. virS gene was identified from M. tu- 
berculosis, which encodes a 38 kDa protein (VirS) [139]. VirS protein exhibits 
close sequence and structural similarities with VirF protein of Shigella, VirFy 
protein of Yersinia and Cfad, Rns and FapR proteins from various enterotoxigenic 
strains of E. coli. All these proteins act as positive regulators of transcription and 
control the expression of structural genes required for establishment of infection 
and pathogenesis [139]. PCR and Southern blot analysis showed that virS gene 
is present exclusively in the organisms belonging to the M. tuberculosis complex 
[140, 141]. Another gene mymA has been identified from M. tuberculosis, which 
expresses a monooxygenase homologue and is located divergent to virS. Ex- 
pression analysis of MymA in M. tuberculosis with antibodies against MymA 
showed that MymA is poorly expressed under in vitro culture conditions [24]. 
Deletion analysis of upstream region of mymA showed that its expression is reg- 
ulated through possible involvement of trans-acting factor(s) specific to M. tu- 
berculosis that are absent in M. smegmatis. This suggests that mymA expression 
could be induced optimally under specific conditions. The plausible role of virS 
and mymA in enhancing the survival of M. tuberculosis in macrophages has been 
suggested [24]. 

Since adhesion of pathogens to the host cell surface is the first and most cru- 
cial step in the entry of the pathogen into the host cell, this represents one of the 
steps which merits consideration as a target for developing new approaches for 
combating such infections. An extracellular lectin was characterized previously 
from M. smegmatis [ 142]. This 12-14 kDa lectin was specific for mannan and was 
demonstrated to be involved in mycobacteria-macrophage interactions [143]. 
Western blot analysis confirmed the presence of two mycotin-related proteins in 
M. avium (~67 kDa) andM. tuberculosis (~35 kDa), respectively. The specificity 
of lectin-mediated attachment was confirmed by observations that preincubation 
of the bacteria with mannan or anti-mycotin antibody considerably inhibited 
binding of the bacteria to the macrophages [ 143]. 

With the availability of the genome sequence of M. tuberculosis numerous 
techniques are being developed for the identification of genes involved in the vir- 
ulence of M. tuberculosis. One such technique, fluorescent amplified fragment 
length polymorphism (FAFLP), is being exploited for differentiating the highly 
virulent, avirulent and drug-resistant strains of M. tuberculosis. The differential 
band patterns obtained provide insights into putative virulence markers. A large 
number of markers have been identified and their relevance to virulence is un- 
der investigation [86]. 
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5.1 

Modulation of Host Cell Signaling 

The molecular basis of the pathogenicity of M. tuberculosis is poorly under- 
stood. A variety of mechanisms contribute to the survival of M. tuberculosis 
within macrophages, including inhibition of phagosome-lysosome fusion, in- 
hibition of acidification of phagosomes and resistance to killing by reactive oxy- 
gen and reactive nitrogen intermediates. Macrophage apoptosis is known to 
contribute to host defense against M. tuberculosis infection. Human alveolar 
macrophages undergo apoptosis in response to M. tuberculosis infection. Re- 
cently, it has been demonstrated that bacillary control of host cell apoptosis is 
a virulence-associated phenotype of M. tuberculosis, with virulent strains hav- 
ing the ability to prevent apoptosis of infected macrophages. In the light of these 
observations, understanding the factors that may modulate host cell apoptosis 
may be crucial. Lipoarabinomannan (LAM), which is produced in large quan- 
tities by M. tuberculosis, can inhibit macrophage activation and triggering and 
represents a virulence factor contributing to the persistence of mycobacteria in 
macrophages. The ability of mannose-LAM (man-LAM) to impair responsive- 
ness to IFN-y and to attenuate TNF-a and IL-12 mRNA production through ef- 
fects on the protein phosphatase SHP-1 has been suggested to be a major mech- 
anism by which man-LAM promotes intracellular survival. A study was carried 
out to investigate whether man-LAM from a virulent strain of M. tuberculosis 
could modulate cell-signaling pathways known to control cell survival [144]. The 
phosphorylation of Bad is one of the mechanisms of protection of cells from 
programmed cell death. Through this study, it was demonstrated for the first 
time that man-LAM from the virulent Erdman strain of M. tuberculosis activates 
the serine/threonine kinase, Akt, in a phosphatidylinositol 3-kinase-sensitive 
manner leading to the phosphorylation of Bad at serine-136, suggesting that this 
may be one of the mechanisms by which LAM directly promotes macrophage 
cell survival [ 144] . This study has demonstrated for the first time the importance 
of a mycobacterial virulence factor, with the capability to up-regulate a macro- 
phage survival signaling pathway, in the intracellular survival of the pathogen. 
The interplay of signaling pathways in macrophages following infection by 
M. tuberculosis and M. avium, an opportunistic pathogen, is also being investi- 
gated in detail [101]. 

Studies have also been initiated on bacterial signaling pathways. Phosphory- 
lation of proteins serves as the molecular switch in signal transduction pathways, 
both in prokaryotes as well as in eukaryotes. These phosphorylations are medi- 
ated by protein kinases. The genome sequence of M. tuberculosis revealed the 
presence of eleven putative genes encoding eukaryotic-type Ser/Thr protein ki- 
nases. One of these kinases, PknA, located adjacent to the genes encoding bacte- 
rial morphogenic proteins, has been characterized [145]. The gene encoding 
PknA was PGR amplified and was expressed as a fusion protein (~97 kDa) with 
maltose binding protein in E. coli. PknA was found to have autophosphorylating 
activity which was strictly magnesium/manganese-dependent. Phosphoamino 
acid analysis revealed that PknA phosphorylates primarily at threonine residues. 
Protein-protein interaction studies indicated that PknA was capable of phos- 
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phorylating at least a ~56 kDa soluble protein from E. coli [145]. Furthermore, 
scanning electron micrography revealed that constitutive expression of this ki- 
nase resulted in elongation of E. coli cells. Thus, these studies in a heterologous 
system have established the involvement of PknA in regulating morphological 
changes associated with cell division [145]. 

Two other genes encoding Ser/Thr protein kinases, PknF and PknG of M. tu- 
berculosis have also been characterized [ 146]. The genes encoding these proteins 
were cloned and expressed in E. coli. The ability of PknF and PknG to phospho- 
rylate the peptide substrate myelin basic protein (MBP) was also examined. Pu- 
rified PknF phosphorylated MBP at serine and threonine residues, while purified 
PknG phosphorylated only at serine residues. Both PknF and PknG were shown 
to have a lysine residue in the ATP binding site - a typical feature of Ser/Thr 
kinases. Substitution of this lysine residue with methionine resulted in the loss 
of activity in both PknF and PknG, suggesting the essential requirement of this 
lysine residue in catalysis [146]. Southern blot analysis revealed that homologues 
of the genes encoding the two kinases were present in M. tuberculosis HjyRa and 
M. bovis BCG, but not in M. smegmatis. Immunoblot analysis of various cellular 
fractions of M. tuberculosis HjyRv using polyclonal antibodies against these ki- 
nases revealed that, while PknF was a transmembrane protein, PknG was pre- 
dominantly a cytosolic enzyme. The absence of pknE and pknG in non-patho- 
genic M. smegmatis suggests involvement of these proteins in the processes 
specific to pathogenic mycobacteria [146]. 

In some pathogenic bacteria secretion of nucleoside diphosphate kinase (Ndk) 
into the extracellular environment aids in survival of pathogen via P2Z receptor- 
mediated, ATP-induced death of infected macrophages. Ndk is a secretory pro- 
tein in M. tuberculosis. The ndk gene from M. tuberculosis HjyRv has been cloned 
and expressed inE. coli [147]. Purified Ndk enhanced ATP-induced macrophage 
cell death, as assayed by the release of ^^C-adenine. Oxidized ATP, an antagonist 
of P2Z receptor, and a catalytic mutant of Ndk failed to enhance ATP-induced 
macrophage cell death. Purified Ndk undergoes autophosphorylation and con- 
version of a histidine residue (which is part of the nucleotide-binding site) to glu- 
tamine, which abolished this autophosphorylation. Purified Ndk also exhibited 
GTPase activity, which has been hypothesized to interfere with the intracellular 
signaling of host cells. The results from this study thus suggest that secretory Ndk 
of M. tuberculosis may be acting as a cytotoxic factor for macrophages, which 
may be helping in dissemination of the bacilli and evasion of the immune sys- 
tem [147]. 

Several other mycobacterial Ser/Thr kinases have been expressed. A detailed 
study of these kinases from M. tuberculosis could lead to the identification of new 
targets for the development of anti-tubercular drugs. Besides, an understanding 
of the phosphorylation activities of these kinases could provide means for the de- 
velopment of rapid assays for screening of compounds (kinase inhibitors) that 
could effectively block the signal transduction machinery necessary for intra- 
cellular survival of mycobacteria. 

Partial purification and characterization of adenosine 3 ',5 '-monophosphate 
(cyclic AMP)-dependent protein kinase and Ca^'^/calmodulin-dependent protein 
kinase from M. smegmatis have also been reported [ 148, 149]. 
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6 

Approaches for Prevention and Treatment of Tuberculosis 



6.1 

Molecular Approaches for the Diagnosis of Tuberculosis 

The global resurgence of tuberculosis in recent years has underscored the im- 
portance of rapid diagnosis of tuberculosis for its effective control. The main 
obstacles for the diagnosis of mycobacteria include the slow growth of the 
pathogen and the low numbers of bacilli present in clinical specimens. Effective 
chemotherapy is available for treatment, but rapid and early diagnostic methods 
are the most essential tools required to control the spread of the disease. Recent 
advances in molecular biology have greatly accelerated the development of more 
accurate and rapid tests. Nucleic acid amplification tests combine probe and ge- 
netic amplification technology in an assay system, which can be performed 
rapidly on clinical specimens. A new generation of antibody tests, using highly 
purified antigen derivatives and ELISA, has also been developed. Various ap- 
proaches employed for the diagnosis of TB are summarized in Table 1. 



Table 1. Summary of various approaches for diagnosis of tuberculosis 



Test 


Target 


Disease 


Sensitivity 


Specificity 


Ref. 


PCR 


IS6110 


Intracranial tuberculoma 


60% 


100% 


[150] 


PCR 


IS6110/ TRC4 


Tubercular pleuritis 
(pleural fluid) 


100% 


85% 


[151] 


PCR 


IS6110 

TRC4 


Tuberculous lymphadenitis 
(lymph node specimens) 


69% 

78% 




[152] 


PCR 


M. tuberculo- 
sis 23S rRNA 


Sputum and cerebrospinal 
fluid specimens 


70.8% 


Genus- 

specific 

assay 


[153] 


PCR+ 

histology 


M. tuber 
culosis GC 
rich repetitive 
sequence 


Tuberculous and non- 
tuberculous pleural fluid 
samples 


73.3% 


93.1% 


[154] 


PCR 


M. tuber- 
culosis devR 


Lymphadenitis (Lymph 
node aspirates and tissues) 


82% 


86% 


[155] 


PCR 


38kDa 
antigen gene 
IS6110 


Pulmonary TB (sputum) 


45% 

41% 


96% 


[156,157] 


Immuno- 

histochem- 

ical 




Intracranial 

tuberculoma 


80% 


100% 


[150] 


RIA Anti- 
body test 


M. tuber 
culosis soni- 
cate antigen 


Pulmonary TB (serum) 


81% 


96% 


[158] 


Antibody 

test 


M. tuber 
culosis soni- 
cate antigen 


Tuberculous meningitis 
(CSF) 


76% 


90% 


[159] 
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Table 1 (continued) 


Test 


Target 


Disease 


Sensitivity Specificity Ref 


ELISA 


M. tuber- 


Tuberculous meningitis 


60-80% 


95% 


[160] 




culosis 38 kDa 
antigen 


(CSF) 








ELISA 


A 60 (IgM) 


Pulmonary TB (serum) 


71% 


50% 


[161] 




A 60 (IgG) 




29% 


86% 






38 kDa (IgG) 




45% 


73% 




ELISA 


38 kDa (IgG) 


Pulmonary TB (smear 


61% 


100% 


[162] 




38 kDa (IgA) 


and culture positive cases) 


30% 


96% 






38 kDa (IgM) 




10% 


94% 






38 kDa (IgG+ 
IgA) 




68% 


96% 






38 kDa (IgG+ 
IgA+IgM)) 




71% 


90% 




ELISA 


Mycobacterial 




73% 


79% 


[163] 




antigens 
(PPD, Culture 
filtrate) 
r38 kDa 




61% 


63% 






Antigen 6 




75% 


72% 




ELISA 


M. tuberculosis 


Childhood 


84.6% 


96.7% 


[164] 




30 kDa 


tuberculosis sera 










antigen 

M. tuberculosis 




73% 








16 kDa antigen 










ELISA 


A60 antigen 


Pulmonary TB 


60% 


87.5% 


[165] 


ELISA 


A60 antigen 


Childhood Pulmonary TB 


72% 


92% 


[166] 






Extrapulmonary TB 


76.6% 






Competi- 




Tuberculous meningitis 


68.26% 


100% 


[167] 


tive ELISA 




CSF 








Sandwich 


30 kDa 


Serum 


68% 


85% 


[109] 


ELISA 


antigen 










Sandwich 


M. tuber- 


Sputum positive TB 


75% 




[168] 


ELISA 


culosis HjyRa 
culture filtrate 
proteins 


patients (urine) 








Slide 


M. w soluble 


Pulmonary TB 


90.2% 


92.7% 


[169] 


agglutina- 
tion test 


antigens 


Extra-pulmonary TB 


85.7% 






Stick In- 


M. tuber- 


Pulmonary TB 


90% 


90% 


[170] 


direct 


culosis excre- 


Smear-positive 








ELISA 


tory-secre- 


Pulmonary TB 


71% 








tory antigen 


Smear-negative 










M. tuber- 


Pulmonary TB 


94% 
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6.2 

New Candidate Vaccines Against Tuberculosis 

Vaccines represent one of the most efficacious and potent defenses against in- 
fectious diseases. At present we have no vaccine to ensure protection against TB 
in adults and older people and efforts in this direction have not resulted in a TB 
vaccine that is better than BCG. Rapid developments in TB research, access to the 
M. tuberculosis genome sequence, availability of new technologies such as gene 
arrays, proteomics and availability of cytokine assays at the epidemiological level, 
however, have provided fresh input and hopes for the development of a more 
efficacious TB vaccine. Several approaches such as recombinant BCG, DNA vac- 
cine, subunit vaccine, atypical mycobacterial strains and auxotrophic vaccine 
have been employed to develop an efficient vaccine against this deadly disease. 

In a recombinant BCG approach for the development of candidate vaccines 
against TB [171], six candidate antigens, namely members of the Antigen 85 
Complex - 85 A, 85B, 85C, 19 kDa lipoprotein, 38 kDa protein involved in phos- 
phate transport and early secretory antigenic target protein (Esat-6), have been 
expressed under the transcriptional control of a battery of promoters in BCG 
(Danish) [24, 71]. Initially, the immunogenicity of rBCG strains was evaluated in 
BALB/c mice by immunizing them intravenously with lx 10® cfu of rBCG/BCG 
strains. In the cases of each candidate antigen, three rBCG strains expressing the 
antigen to different levels were analyzed. Humoral responses were analyzed by 
measuring total antibody response and the level of IgGl and IgG2a antibodies us- 
ing ELISA. Cellular responses were analyzed by culturing isolated splenocytes in 
the presence of antigen and measuring the extent of proliferation as well as by 
measuring the level of cytokines, lEN-y and IL-10, in the culture supernatants 
[24]. Eor ELISA as well as T-cell stimulation, both purified antigen as well as BCG 
extract were used as the coating/stimulating antigen. In the case of mice immu- 
nized with rBCG strains overexpressing the antigens belonging to the Antigen 85 
Complex, an earlier and enhanced immune response was induced when com- 
pared to mice immunized with wild-type BCG [172]. Moreover, overexpression 
of these antigens did not always result in induction of Thl/increased Thl re- 
sponses. The immune responses were observed to range from Thl through mixed 
Thl/Th2 to Th2, depending upon the level of expression of the recombinant anti- 
gen. The general patterns of immune responses elicited against rBCG overex- 
pressing Ag 85A and Ag 85B were more or less similar. Despite the strong ho- 
mology shared by all three antigens (85A, 85B and 85C), rBCG strains 
overexpressing Ag 85C elicited a different pattern of immune response. Some of 
these rBCG strains induced increased Thl responses, manifested by increased se- 
cretion of lEN-y and a stronger IgG2a antibody response [24, 172]. 

Wild-type BCG immunized mice exhibited a mixed type Thl-Th2 or Th2 type 
of T-cell response against purified 19 kDa antigen, 38 kDa antigen and BCG ex- 
tract. Due to the deletion of the Esat-6 gene from the BCG strain, no native ex- 
pression of Esat-6 in the wild-type BCG was observed and hence, no responses 
against this antigen were elicited in mice immunized with wild-type BCG. Over- 
expression of Esat-6 in BCG also induced only a mixed Thl-Th2 or a Th2 type of 
T-cell response against the purified antigen as well as against the BCG extract (as 
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seen in the case of immunization with wild-type BCG) [24]. Overexpression of 
19 kDa antigen in BCG induced a prominent Thl type immune response against 
purified 19 kDa antigen and a predominant Th2 type immune response against 
BCG extract. However, overexpression of the 38 kDa antigen in BCG shifted 
the host immune response towards a Thl phenotype against both the purified 
antigen as well as against BCG extract. In the cases of each of the six antigens, 
one rBCG strain was selected for evaluation of its protective efficacy in guinea 
pigs [24]. 

For evaluation of the protective efficacy of these candidate vaccines (carried 
out at Tuberculosis Research Centre, Chennai), guinea pigs immunized intra- 
dermally with 1x10® cfu of the various rBCG/BCG strains were challenged sub- 
cutaneously (after eight weeks) with 4 different doses of M. tuberculosis H37RV in 
separate groups [24]. Protection was evaluated by analyzing the gross patholog- 
ical damage to the various organs, bacterial load in the spleen and histological 
analysis of the liver and lung organs. Preliminary results from these studies sug- 
gest that two of the rBCG strains exhibited increased protection against challenge 
compared to wild-type BCG. In the cases of rBCG strains expressing two other 
candidate antigens, the protection imparted was found to be comparable to that 
imparted by wild- type BCG. The recombinant BCG strain overexpressing 19 kDa 
antigen, however, was found to be detrimental for protection and abrogated the 
protective efficacy of BCG itself. These results are being currently confirmed by 
using a larger number of guinea pigs [24]. 

The DNA vaccine approach represents one of the most recent and interesting 
strategies for the development of vaccines. By using this approach, significant ad- 
vances have been made towards the development of vaccines against several dis- 
eases. By virtue of its stability, ease of production and cost and feasibility to elicit 
a Thl immune response, especially crucial in the case of TB, this approach has 
gained significant importance for the development of vaccines against TB. To- 
wards this, the genes for three immunodominant antigens, viz., Esat-6, a-crys- 
tallin and superoxide dismutase, have been cloned and expressed using a eu- 
karyotic vector [24]. These candidate DNA vaccines are currently being eval- 
uated for elicitation of immune responses in mice and protective efficacy in 
guinea pigs [24]. 

In another approach towards the development of a candidate TB vaccine, two 
proteins of M. tuberculosis (designated as 65 and 202) were observed to stimu- 
late strong Thl responses in the healthy, subclinically infected individuals [126]. 
A detailed characterization of these immune responses further demonstrated 
that the specific T-cell responses to these two antigens, which were robust in the 
healthy population were, however, depressed in the TB patients [ 126]. The pro- 
tective efficacy of these two M. tuberculosis proteins was subsequently evaluated 
in guinea pigs (in collaboration with the National Tuberculosis Institute, Banga- 
lore). The two antigens were tested in various forms - naked DNA constructs, re- 
combinant BCG as well as recombinant pox virus carrying the genes encoding 
the two antigens. When tested in guinea pigs, protein 202 but not 65 was found 
to afford some protection, comparable to that imparted by BCG. Moreover, a BCG 
recombinant expressing protein 202 was observed to be the most effective, and 
resulted in sterilizing immunity in the vaccinated animals, with no challenge or- 



Recent Advances in Tuberculosis Research in India 



257 



ganisms detected in the spleen. A pox virus expressing protein 65 was also ob- 
served to afford dramatic protection, in contrast to the DNA vaccine expressing 
protein 65. In light of recent studies demonstrating that prior exposure to envi- 
ronmental mycobacteria reduces the efficacy of BCG, it has been proposed that 
live vaccine vectors such as pox virus are likely to be superior to BCG as carriers 
of T-cell antigens identified from M. tuberculosis [ 126]. 

Although BCG has not performed satisfactorily as a TB vaccine, the concept 
of a live vaccine against TB still draws tremendous support as experience with 
killed vaccines has demonstrated that live vaccines perform better for eliciting 
protective immune responses. Hence, several atypical mycobacteria have been 
employed to evaluate their ability to impart protection against this disease. My- 
cobacterium w, is an anti-leprosy vaccine and phase III immunotherapeutic tri- 
als of this vaccine have been completed. M. w as an immunotherapeutic vaccine 
against leprosy has been launched for public use. 

M. TV is a non-pathogenic strain, a fast-grower and its growth and metabolic 
properties resemble those listed in Runyons group IV. On the basis of data on 
both B- and T-cell epitopes, M. iv was observed to share epitopes with both M. lep- 
rae and M. tuberculosis. It has also been shown to confer protection against chal- 
lenge with M. tuberculosis in all the four strains of mice tested. However, in par- 
allel experiments, BCG conferred protection only in two strains of mice [ 173]. In 
order to characterize the immune mechanisms responsible for this protection, 
mice were vaccinated with heat-killed M. w and subsequently T-cells were iso- 
lated and restimulated in vitro with mycobacterial antigens. On stimulation, 
IL-2 and IFN-ywere produced, but IL-4 and IL-5 were not detectable, indicating 
induction of a Thl-based immunity. Killed M. w was observed to induce stronger 
T-cell responses compared to killed M. tuberculosis and both vaccination regi- 
mens were improved by administration in a mild adjuvant, which consisted of 
trehalose dimycolate, monophosphoryllipid A and mycobacterial cell wall skele- 
ton [174]. In vivo depletion of CD4+ and CDS"^ T lymphocytes led to impairment 
of M. w vaccine- induced protection against M. tuberculosis in mice. Lower levels 
of IFN-y production by both the depleted pools of T-cells suggested that both 
CD4+ and CDS"^ T-cells might be participating in resistance against TB induced 
by vaccination with M. iv [ 175]. On extending these studies to guinea pigs, it was 
demonstrated that immunization of guinea pigs with M. w prevented the for- 
mation of lesions and the growth of M. tuberculosis, on challenge with M. tuber- 
culosis H 37 RV [176]. Since M. w vaccine confers protection against TB in guinea 
pigs, the incidence of TB (in addition to leprosy) in the large number of subjects 
undergoing immunoprophylaxis trials, is being determined to evaluate whether 
the use of this vaccine can provide additional benefit of protection against TB. 

In another attempt to develop an effective TB vaccine using atypical my- 
cobacteria, the protective efficacy of M. habana was studied. It was shown that 
this mycobacteria can provide protection against TB in a mouse model and 
serves as a more effective vaccine than BCG. Currently, M. habana is being eval- 
uated for its protective efficacy in a guinea pig model of TB. Besides, the evalua- 
tion of protective antigens of cell wall, cell membrane, cytosol and peripheral and 
integral compartments of the membrane fraction of M. habana, using an exper- 
imental TB model in the mouse has demonstrated that protective proteins were 



258 



A. K. Tyagi • N. Dhar 



distributed both in peripheral and integral membrane compartments, with pro- 
teins from the peripheral compartment being more protective in nature [177]. 

In another subunit approach for the development of a candidate vaccine 
against TB, several antigens from the secretory fraction as well as from the cell 
wall peptidoglycan fraction of M. tuberculosis were evaluated for their ability to 
elicit cell-mediated and humoral immune responses. Among the various anti- 
gens, a 30 kDa antigen from the secretory fraction and a 71 kDa cell wall-associ- 
ated antigen, which demonstrated maximum immuoreactivity,were evaluated for 
their protective efficacy in mice using various adjuvant systems, viz., Freund’s in- 
complete adjuvant (FIA), liposomes, dimethyldioctadecylammonium bromide 
(DDA),polylactide-co-glycolide microparticles (PLG-MPs) and polyjoL-lactide- 
co-glycolide) (DL-PLG). In comparison to animals immunized with BCG, higher 
immune responses, manifested by increased IL-2 and IFN-yproduction and in- 
creased protective efficacy, manifested by increased survival rates and decreased 
bacterial load in the target organs, have been demonstrated in the mouse model, 
by using these various preparations [ 178-184]. These mycobacterial proteins sep- 
arately and in combination are being evaluated for their protective efficacy in a 
guinea pig model [185]. 



6.3 

Development of Anti-Tubercular Drugs 

With the availability of several effective anti-tubercular drugs such as strepto- 
mycin, rifampicin, isoniazid, pyrazinamide and ethambutol, and effective regi- 
mens of short-term chemotherapy, an urgent need for new drugs was not felt and 
no frontline new drug has been developed since the discovery of rifampicin in 
1967. However, with the advent of drug resistance, and multi-drug resistant TB, 
the scenario has changed and new drugs are urgently required. Besides, to over- 
come the problem of non-compliance, it would be ideal to have a drug that would 
be effective in a single dose. Thus, there is an urgent need for the development of 
new drugs by identification and structural determination of new targets, devel- 
opment of high-throughput drug screens, identification of potential molecules 
and improving the efficacy and delivery of existing drugs. 



6.3.1 

X-Ray Crystallography of Novel Drug Targets 

Several isoniazid-resistant strains of M. tuberculosis have been found to overex- 
press alkyl hydroperoxidase (AhpC). AhpC is a decameric protein, composed of 
five identical dimers held together by ionic interactions with dimerization oc- 
curring through an intersubunit disulfide linkage. Based on the UV absorption 
spectrum and three-dimensional modeling of AhpC, interesting conformational 
changes during oxidation and reduction of the intersubunit disulfide linkage 
have been predicted [186]. 

Chaperonin-10 (CpnlO) and chaperonin-60 (Cpn60) are essential proteins in- 
volved in ATP-dependent folding of several intracellular proteins in the bacter- 
ial cell. Folding of the nascent substrate polypeptide is known to take place in the 
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large central cavity formed by each ring of the tetradecameric Cpn60, which is 
closed upon capping by the heptameric CpnlO. CpnlOs are known to interact 
with Cpn60s primarily through a 17-residue mobile loop and regulate the release 
and binding of the substrate polypeptide from Cpn60 surface. The CpnlO protein 
of M. tuberculosis, which is involved in protein folding, has also been character- 
ized to reveal that the plasticity of its oligomeric structure is due to a highly flex- 
ible segment of approximately 10 residues that covers the dome-like structure of 
CpnlO [187]. By exploiting a Trp residue in the dome loop of this protein for in- 
trinsic fluorescence measurements, it has been shown that, in the absence of 
metal ions and at neutral pH, the Trp is almost fully solvent and exposed. How- 
ever, in the presence of metal ions or at low pH, the dome loop assumes a closed 
conformation [187]. 

The M. tuberculosis genome sequence has greatly aided efforts towards un- 
derstanding the biology of this slow-growing bacterium. Recently, in addition to 
attempts by individual laboratories, coordinated structural genomics projects 
have been initiated to determine the structures of a large number of proteins 
from M. tuberculosis in order to provide deeper insights into the biology of this 
bacterium as well as to identify new targets for the development of anti-tuber- 
cular drugs. 

The structure of M. tuberculosis CpnlO has been recently determined at 3.5 A 
resolution [188]. The CpnlO monomer was comprised of a four-stranded beta- 
barrel and two long stretches of highly flexible segments: the dome loop and the 
mobile loop. The seven subunits in the heptamer exhibited very little conforma- 
tional difference and had nearly perfect seven-fold geometry. Binding sites for 
metal ions in the dome loop of CpnlO have been identified, which suggests the 
role of metal ions in the stabilization of the protein [188]. 

RecA, as described in the previous sections, plays an important role in ho- 
mologous DNA recombination and DNA repair. Structural knowledge of M. tu- 
berculosis RecA is imperative for a full understanding of these activities, espe- 
cially since both ATP binding as well as hydrolysis catalyzed by it are con- 
siderably less efficient than those by the prototype E. coli RecA, although it is 
capable of binding ssDNA and is proficient in homologous pairing and strand 
exchange. The crystal structure of uncomplexed M. tuberculosis RecA and its 
complex with ADP- AIF4, an ATP analogue, have been determined [ 54] . The crys- 
tal structure was observed to have six molecules in the unit cell forming a 61 he- 
lical filament with a deep groove capable of binding DNA. The filamentous struc- 
ture of RecA further aggregates into bundles, mainly as a form for storage and as 
a mechanism to keep RecA inactive when not needed, which may have implica- 
tions in the efficiency of recombination and random integration. The observed 
weakening in the higher order aggregation of filaments into bundles may also 
have implications in recombination in mycobacteria. The crystal structure of 
M. tuberculosis RecA complexed with ADP and AIF4 revealed that each molecule 
of RecA binds one molecule of the ATP analogue in the P-loop region, as in the 
structure of the E. coli RecA-ADP complex [54]. These structures also help ex- 
plain the reduced levels of interactions of M. tuberculosis RecA with ATP, despite 
sharing the same fold, topology and high sequence similarity with E. coli RecA. 
A histidine residue in loop LI also appeared to be positioned appropriately for 
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DNA interaction. The crystal structure of M. tuberculosis RecA thus allows its 
exploitation as a drug target as well as providing insights into the biology of 
recombination in mycobacteria [54]. 

S-Adenosyl-L-methionine (AdoMet)-dependent methyltransferases are in- 
volved in a wide variety of cellular processes such as modification of bioactive 
amines, bulk metabolic transformations and participate in a variety of regulatory 
biological processes through methylation of nucleic acids, proteins, phospho- 
lipids and small molecules utilizing the ubiquitous methyl donor AdoMet. The 
crystal structure of Rv2118c, an AdoMet-dependent methyltransferase from 
M. tuberculosis has been determined [189]. The crystallographic asymmetric emit 
is comprised of a monomer, but symmetry-related subunits interact extensively, 
leading to a tetrameric structure. The monomer emit had two domains: the larger 
catalytic C-terminal domain that binds the cofactor AdoMet and is involved in 
the transfer of methyl group from AdoMet to the substrate and a smaller N-ter- 
minal domain, which was primarily a /1-structure with a fold not found in other 
methyltransferases of known structure. The structure of the catalytic domain was 
observed to be very similar to that of other AdoMet-dependent methyltrans- 
ferases [189]. 

As described earlier in this chapter, single-stranded DNA-binding proteins 
play an important role in DNA replication, repair and recombination. The SSB 
protein from M. tuberculosis has been crystallized under various conditions and, 
by using X-ray crystallographic parameters, attempts are being made to deter- 
mine its structure [190]. 

1-L-myo-Inositol is essential for the biogenesis of mycothiol, phosphatidyli- 
nositol and glycosyl phosphatidylinositol anchors, which are linked to complex 
carbohydrates in M. tuberculosis. However, the inositol biosynthetic pathway in 
M. tuberculosis was not known. A unique combination of tertiary structure pre- 
diction and yeast-based functional assays was employed to identify the gene en- 
coding inositol-l-phosphate synthase in M. tuberculosis, that was distinct from 
the eukaryotic analogs [191]. 



6.3.2 

Development of Genetic Screens 

With rise in the frequency of drug-resistant strains of M. tuberculosis, new drugs 
and drug targets need to be discovered. With advances in combinatorial chem- 
istry and the potential of rich and natural biodiversity of the country, assays are 
required that can screen the potency of these new drugs in a relatively short time 
in a high-throughput fashion. Recombinant M. smegmatis and M. aurum ex- 
pressing E. coli jS-galactosidase have been employed for assaying anti-tubercu- 
lar activity of compounds [192, 193]. M. aurum was employed as the test organ- 
ism as it is non-infectious, fast grower and obviates the need for a special 
containment facility. Moreover, since M. aurum resembles M. tuberculosis in my- 
colic acid and antibiotic sensitivity, it was hypothesized that it could serve as a 
predictor of inhibitory activity of the test compounds. The screen was validated 
by using standard anti-tubercular drugs. This method can be easily and conve- 
niently adopted in 96-well microtiter plate format to suit high throughput screen- 
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ing of natural and synthetic products [192, 193]. Green fluorescent protein and 
firefly luciferase have also been used as reporters for rapid screening of anti-tu- 
bercular compounds in vitro and in macrophages. A recombinant M. aurum 
strain expressing green fluorescent protein has been constructed. Fluorescence 
exhibited by this recombinant strain was observed to be inhibited in vitro within 
8 to 24 h by frontline anti-mycobacterial drugs at their reported MICs whereas 
in the case of infected macrophages the inhibition occurred in 72 h [ 194]. By em- 
ploying M. aurum expressing firefly luciferase, bioluminescence was determined 
using luciferin as the substrate. Inhibition of bioluminescence was observed as 
early as 2 h in vitro and within 24 h in infected macrophages, with frontline anti- 
mycobacterial drugs used at their reported MICs [ 195]. The bioluminescence as- 
say of ATP has also been tested as an alternative, reliable and rapid method and 
has been compared with the broth dilution method for drug susceptibility test- 
ing of M. tuberculosis [196]. 

In contrast to the time-consuming conventional method or the very expensive 
radiometric method, a simple method to assess resistance to frontline drugs has 
been developed by using Alamar Blue, a resazurin-based oxidation-reduction in- 
dicator [197]. The sputum samples from TB patients, processed by Petroff’s 
method are inoculated on LJ-medium for 4-8 weeks and cell viability in the pres- 
ence of various drugs is determined by using Alamar Blue. The assay is based on 
the ability of viable cells to oxidize and thereby change the color of the dye from 
blue to pink [197]. 



6.3.3 

Strategies for Enhancing Drug Efficacy 

The antibiotic rifampicin inhibits transcription of DNA template exclusively by 
binding to the ^-subunit of RNA polymerase. Moreover, all the rifampicin-resis- 
tant mutants have been mapped in three different clusters in the ^-subunit of 
E. coli RNA polymerase. The impressive success of rifampicin to control my- 
cobacterial infection has made it a subject of critical research. Attempts have been 
made to discover natural products that could mimic the action of rifampicin. To- 
wards this goal, piperine, a black pepper extract, which exhibits diverse biologi- 
cal activities has been studied. Piperine alone did not exhibit any anti-mycobac- 
terial activity. However, in combination with rifampicin (24:1 mixture of 
rifampicin and piperine), it augmented the anti- tubercular activity of rifampicin 
by several fold [198]. It was demonstrated that piperine acts with rifampicin in 
a synergistic manner to inhibit transcription by purified M. smegmatis RNA 
polymerase. Interestingly, the rifampicin augmentation activity of piperine was 
maintained even in a rifampicin-resistant strain of M. smegmatis. Studies based 
on molecular modeling of mycobacterial RNA polymerase have revealed that 
both rifampicin and piperine could be accommodated in the rifampicin pocket 
through stacking interactions between them, which may help to augment the 
transcription inhibitory activity of rifampicin [198]. 

New chemotherapeutic drugs and new treatment regimens are required to 
shorten the duration of treatment and to combat drug-resistant TB including 
MDR-TB. Several new compounds and drugs have shown significant anti-tu- 
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bercular activity under in vitro conditions. However, for appropriate usage of 
these drugs in treatment regimens, in vitro determination of their minimal in- 
hibitory concentrations (MIC) is an important first step. A study was undertaken 
to compare the susceptibility pattern of ofloxacin using different susceptibility 
testing methods [199]. The direct sensitivity method has been standardized by 
employing L-J medium for streptomycin, isoniazid and rifampicin leading to a 
reduction in the time taken for reporting of results to 3-5 weeks in smear-pos- 
itive specimens. Besides, the time required for the conventional indirect sensi- 
tivity method used for smear-negative specimens has also been reduced from 4 
to 2 weeks by advancing the measurements by 2 weeks [200]. A comparison of 
the BACTEC radiometric method with the conventional culture and drug sus- 
ceptibility testing methods on isolates from clinical specimens of pulmonary 
and extrapulmonary TB, childhood TB and TB in HIV-infected individuals has 
also been carried out [201]. The rate of isolation of positive cultures was sig- 
nificantly faster with the BACTEC method, especially in smear-negative pul- 
monary TB, extrapulmonary TB, HIV-TB and childhood TB in comparison to 
conventional methods. Eurther, most of the drug susceptibility test results be- 
came available within 8 days by the BACTEC method. Thus, by facilitating early 
diagnosis, the BACTEC method may prove to be cost effective in a population 
with a high prevalence of TB, particularly in the extrapulmonary and pau- 
cibacillary forms of the disease [201]. 

The studies to assess bio availability indices for rifampicin, isoniazid and 
pyrazinamide separately or in a fixed triple-drug formulation suggest that the 
pharmacokinetic properties of these drugs on individual or combined adminis- 
tration do not change when combined in a single pharmaceutical preparation 
[202]. The action of drugs such as metronidazole in combination with isoniazid 
and rifampicin on persisting organisms has been determined using an experi- 
mental murine TB model [203]. Metronidazole exhibited an additive effect with 
rifampicin in reducing the logio cfu of M. tuberculosis in both the lung and spleen 
of mice by the end of 3 months of treatment. However, when metronidazole was 
combined with isoniazid this effect was observed in the spleen only [203]. Stud- 
ies have also been conducted to determine the in vitro susceptibility of clinical 
isolates of M. tuberculosis to cefadroxil, a cephalosporin antibiotic, and trifluop- 
erazine, an antipsychotic drug [204, 205]. Studies were also carried out to deter- 
mine the MICs of sublactam/ampicillin, lomefloxacin and minocycline for drug- 
sensitive and drug-resistant M. tuberculosis isolates [206, 207]. In vitro, ex vivo 
and in vivo activities of ethambutol and sparfloxacin alone and in combination 
against mycobacteria and the biochemical mechanisms of their action have also 
been studied [208-210]. The therapeutic potential of human neutrophil peptide 1 
against experimental TB in mice has also been investigated [211-213]. 

Eor the successful chemotherapy of tuberculosis, a lung-specific liposomal 
drug delivery system has been found to be a highly effective carrier for drugs 
such as isoniazid and rifampicin [214,215]. A PEG polymer-based drug delivery 
system for effective treatment of TB, using higher doses of drugs has been de- 
veloped, which provides sustained release of drugs. Hardened PEG microparti- 
cles have been recommended as the ideal carrier for a sustained level of drugs in 
plasma/different organs based on the observations in the mouse model 
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[216-219]. Development of this drug delivery system promises an improvement 
in patient’s compliance to therapy. 

7 

Host Genetics in Susceptibility/Resistance to Tuberculosis 

Susceptibility to TB is multifactorial. As in the case of many other diseases, apart 
from environmental and socio-economic factors, epidemiological and genetic 
factors have been implicated in the infection and spread of the disease. Therefore, 
the genetic make-up of an individual may influence susceptibility or resistance 
to TB through the involvement of genetic factors such as human leukocyte anti- 
gen (HLA) and non-HLA genes. Thus, identification of HLA and non-HLA genes 
that are associated with susceptibility or resistance to TB will serve towards the 
development of genetic markers for prognosis of the disease. Moreover, studying 
the role of HLA and non-HLA genes or their products on the immune mecha- 
nisms of susceptibility or resistance to TB will be useful to understand the im- 
munopathogenesis of the disease. 

Studies have been carried out on HLA and non-HLA gene polymorphism in 
(i) pulmonary TB patients and control subjects, (ii) relapse quiescent cases of 
pulmonary TB and (iii) spinal TB patients. HLA studies in pulmonary TB carried 
out by different groups [220-222] revealed the association of HLA-DR2 with sus- 
ceptibility to pulmonary TB. Moreover, HLA-DQl was also found associated with 
susceptibility to TB [221]. Studies have also been carried out on non-HLA gene 
polymorphisms [mannose binding protein (MBP) or mannose binding lectin 
(MBL), and vitamin D receptor genes] and it has been shown that variant mutant 
genes are associated with susceptibility to pulmonary TB. MBP or MBL is an 
acute phase protein secreted by the liver, which binds mannose, and W-acetyl- 
glucosamine terminated glycoproteins and plays an important role in host de- 
fense against pathogens. Upon binding to certain carbohydrate moieties such as 
terminal N-acetylglucosamine or mannose on various pathogens, MBP activates 
complement via a specific protease and acts directly as an opsonin using the Clq 
receptor on macrophages. Mutations in the coding regions of MBP genes result 
in low or near absent serum MBP levels in heterozygotes and homozygotes, re- 
spectively. A low serum level of MBP is associated with a common opsonic defect 
that predisposes to severe and frequent infections during early life. In a recent 
study in Indian patients, increased genotype frequencies of MBP functional mu- 
tant homozygotes were found among pulmonary TB patients (10.9%) when com- 
pared to control subjects (1.8%) [223]. 

HLA-DR2 and its subtypes (DRB1*1501 and DRB1*1502) were foimd to be as- 
sociated with far advanced and drug-resistant sputum-positive pulmonary TB 
patients [220, 222, 224]. A similar observation of DR2 association has also been 
made in other endemic areas of the world, like Russia and Indonesia etc. More- 
over, DR2 association transcended ethnic barriers, suggesting a direct MHC 
mechanism for TB susceptibility rather than a simple linkage [222, 224]. 

The Lenzini’s disease and immunological spectrum identified in pulmonary TB 
has also been identified in healthy, hospital contacts. The extent of Mantoux re- 
activity was observed to be inversely correlated to anti-PPD, anti-BCG and anti- 



264 



A. K. Tyagi • N. Dhar 



HSP70 serum antibodies of the IgG isotype [225, 226]. The existence of a similar 
immunological spectrum has been confirmed in healthy populations from In- 
donesia and Brazil. Recent studies using M. tuberculosis recombinant antigens and 
synthetic peptides demonstrated the existence of this spectrum at the cytokine 
level as well [227] . The investigation on chemotherapy in TB patients revealed the 
importance of immune status of the patient in the rate of recovery from the dis- 
ease - better CMI in patients was correlated with early recovery [228]. 

TCRVjS plays an important role in the recognition of the peptide-MHC com- 
plex. In the endemic areas of South India, it was observed that more individuals 
in control group use TCRVjS 4, 6, 8-12 and 14, compared to patients and also in- 
dividuals in the control groups show higher expression of TCRVjS 2, 3, 7, 13 and 
17. Furthermore, majority of the patients and half of the individuals in the con- 
trol group showed restricted TCRV^ usage (<5 TCRV/1 families used). It was ob- 
served that half of the BCG scar-negative patients carrying high risk alleles for 
TB (HLA-DRB 1*1501, DRB1*08 and DQB1*0601), all the BCG scar-negative, 
non-risk allele carriers and BCG scar-positive patients showed a restricted 
TCRV p usage [227 ] . A restricted TCRV p usage may thus lead to a skewed immune 
response and the disease in the absence of BCG vaccination. Infection by itself 
maybe responsible for a good T-cell response and the high risk HLA alleles may 
be responsible for the disease. 

Studies employing DRB1*1501 binding peptides from vaccine candidates of 
M. tuberculosis such as 19 kDa, antigen 85A, 85B, 85C, Esat-6, Gro-ES, HSP- 
14 kDa, MPT64, MPT-83 and 65 kDa in lEN-y ELISPOT assays revealed that high 
Mantoux reactive, BCG scar-positive, controls responded to many peptide pools, 
irrespective of their HLA DRB1*15 status, while none of the BCG scar-negative 
controls from this endemic region responded to all the pools studied. The ma- 
jority of the BCG scar-negative patients irrespective of their DRBl status re- 
sponded to many peptide pools [229]. 

A positive association of HLA-DRBl *15/16 in mycobacterial diseases (both TB 
and leprosy), was reported earlier, especially in patients with more severe dis- 
seminated forms of the disease [220, 230] . This study was further extended by in- 
cluding patients across the clinical spectrum. Sequence analysis of polymorphic 
residues in the peptide binding groove indicated that an arginine-rich motif 
(DRB1*15/16 and DRB1*1404), in the DRBl peptide binding groove occurred 
with >90% frequency in patients with tuberculoid leprosy [231]. Similar obser- 
vations were made in pulmonary TB where a predominant occurrence of 
DRBl *1501 (>80%) was observed among DR2+ve patients who developed more 
severe pulmonary infection with multi-drug resistant TB. No such association 
was observed in patients with the restricted form of the disease. These observa- 
tions suggested that V/G dimorphism at position pS6 in the “pocket 1” of the 
MHG class II peptide binding groove might play an important role in disease 
manifestation following M. tuberculosis infection. Additionally, a positive asso- 
ciation was observed at the HLA-DQ locus whereby DQB 1*05031 and 
DQB 1 *0603 were significantly increased in patients with multidrug-resistant TB. 
The observed significant increase of single or multiple HLA alleles in the various 
clinical forms suggested that there may be a common peptide binding motif or 
amino acid sequence involved in tripartite interaction during antigen presenta- 
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tion that might play a significant role in disease manifestation following M. tu- 
berculosis infection. 

The role of immunogenetics and various risk factors for the development of 
drug-induced hepatotoxicity (DIH) in patients with pulmonary TB has also been 
investigated. These studies revealed that, in addition to the clinical factors such 
as old age, low serum albumin and advanced disease, the presence/absence of 
particular HLA-DQ alleles play an important role in the development of hepa- 
totoxicity. For example, it was observed that the presence of DRB1*0201 in pa- 
tients with pulmonary TB puts them at a higher risk of developing DIH. On the 
other hand, the absence of DQAl *0102 conferred protection from such a side ef- 
fect [232]. 

Earlier studies carried out using M. leprae heat-shock protein (HSP) antigens 
had revealed an HLA-linked control of the immune response in polar leprosy pa- 
tients [233, 234]. To further elucidate the role of helper T-cell subsets and their 
cytokine profile in mycobacterial infections, a flow cytometry assay was utilized 
to investigate the expression of differentiation markers on polarized helper T- 
cells at the cellular level. Using this novel technique of intracellular cytokine 
staining, studies were carried out on the functionally polarized subsets of CD4 
memory T-cells, identifiable on the basis of expression of CD 11 a, CD45RAand 
CD62L, viz., those that primarily produce IL-4 (MTj) or IFN-y (MTj). Memory T- 
cells with the type 1 profile (IFN-y producer) were categorized as CD45RAy 
CD62L“ and CDlla’”'‘sht^^hqg the type 2 cells (IL-4 producers) were categorized 
as CD45RA-, CD62L+ and GDI la'^™ [235]. 

In tuberculosis pleural effusion, IFN-y producing CDlla'’"®^' helper T-cells 
were observed in the pleural fluid rather than in PBMC. On the contrary, low lev- 
els of IFN-yproducing CDl la’”'‘sh‘ helper T-cells were observed in lymph node- 
derived T-cells of patients with lymph node TB. Furthermore, in vitro T-cell re- 
sponses stimulated with M. tuberculosis culture filtrate antigens in the 
tuberculosis disease spectrum were evaluated. These studies based on the anti- 
gen-specific proliferative response and cytokines measured in the supernatants, 
revealed a comparatively increased level of IFN-y in patients with more extensive 
and multidrug-resistant disease [236]. These observations point towards an im- 
portant paradox whereby a preferential production of IFN-y and Thl responses 
in multidrug-resistant patients rather than an expected Th2 immune respon- 
siveness was observed. Exact mechanisms underlining this apparent lack of pro- 
tective immunity in MDR-TB, despite the production of high levels of IFN-y, are 
not clear. It has been hypothesized that this could be due to a consistently in- 
creased bacillary load and constant exposure of M. tuberculosis bacilli to the host 
immune system making it redundant [236]. Further investigations into the role 
of IFN-y and its receptor gene polymorphism may be useful in understanding 
this paradox. 

8 

Future Trends 

In spite of its tremendous relevance as a pathogen, M. tuberculosis was not a fa- 
vorite organism among research investigators for a long time. However, due to 



266 



A. K. Tyagi • N. Dhar 



spectacular advancements in technology over the last two decades of the 20th 
century, significant progress has been made towards understanding the molec- 
ular biology and immunology of this organism and mycobacteria no longer 
remain intractable for laboratory research. The elucidation of the genome se- 
quence of M. tuberculosis, along with an explosion in bioinformatics tools, has 
enabled us to predict the amino acid sequence of every potential protein of this 
pathogen. It can be expected that application of new technologies in future will 
provide molecular insights into the mechanism(s) of pathogenesis and protec- 
tive immunity and provide us with opportunities for developing new and more 
potent drugs, diagnostics and vaccines for the control of TB. The structures of 
several new drug targets are being determined. This knowledge along with the 
development of high-throughput screens would make the rational design of anti- 
tubercular drugs more feasible and significantly improve the chances of identi- 
fication of new lead molecules. The identification and structure determination of 
proteins involved in the persistence of this pathogen inside the host will provide 
new approaches to chemotherapy effective against dormant bacilli and would 
help in reducing the duration of therapy. The availability of new systems for ex- 
pression of genes in various species of mycobacteria will help in the analysis of 
mycobacterial proteins in their native environment and in the development of 
new recombinant vaccines. Development of tools for disruption of genes in slow- 
growing mycobacteria would aid the identification of virulence genes. However, 
the path leading towards these goals, in spite of all advances, is ridden with dif- 
ficulties. There are hurdles that need to be overcome and questions that need to 
be answered. Identification of virulence genes, for example, is only the first step 
and sustained efforts will be required to investigate the detailed function of the 
identified virulence genes. Better models of infection will have to be developed, 
especially to mimic the latent state of TB. New surrogate markers have to be iden- 
tified to help shorten the vaccine trials and provide early indications of protec- 
tive efficacy. The development of new TB drugs, despite the identification of new 
target molecules, is going to be rather arduous. Most of the major pharmaceuti- 
cal companies have not shown great enthusiasm in developing anti-mycobacte- 
rial drugs mainly because TB is considered a disease of the developing countries 
and anti-tubercular drugs are not considered profitable. However, it is hoped that 
initiatives taken by groups such as The Bill and Melinda Gates Foundation and 
The Wellcome Trust, will result in the follow up of promising lead candidates and 
culminate in the development of new, novel and better antitubercular drugs in 
the next decade. The study of intracellular metabolism of mycobacteria merits 
greater attention to answer questions such as, what nutrients are utilized by this 
pathogen in macrophages? Is there a requirement for induction of novel meta- 
bolic pathways during the growth of mycobacteria in host cells? Are the transport 
properties of this pathogen altered in the intracellular environment? A clear un- 
derstanding of these functions would emerge by employing methods that permit 
the host and the pathogen to be studied simultaneously. The recent developments 
in the molecular biology and genetics of M. tuberculosis offer new approaches to 
provide answers to some of these questions. The significant convergence of mi- 
crobiology, genetics, molecular biology, cell biology and immunology during the 
last few years, directed at understanding this remarkably successful pathogen. 
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provides great hope to gain a more complete understanding of the TB bacillus 
and thereby develop effective disease control strategies. 
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